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Memorial Notices 


HIS group of memorial notices contains records of members of the Society whose 
deaths occurred prior to 1935, but concerning whom material was not ready for 
publication when the 1934 Transactions was issued. In fact, it is still necessary to 
delay the publication of obituaries of a number of members who died in 1933 and 1934 
because sufficient information has not been secured. 

There are a number of sources from which biographical material concerning engi- 
neers may be secured, but the Transactions of the A.S.M.E. is naturally the only place 
in which obituaries of all deceased members of the Society appear. Special care is 
therefore given to the preparation of these memorials and no obituary is published 
until as complete a record as possible has been secured. 

The first source of information is the application file of the Society. In the case of 
those who have become members during recent years, the applications usually yield 
fairly complete records. The applications of those who became members in the early 
days of the Society are not as detailed, however, and these are the cases which often 
present considerable difficulty. The member may have been retired for some years 
prior to his death, so that business associates cannot be located, and in some cases 
members of his family cannot be found. Only by following up every slightest lead 
can even the main facts be assembled, and a long period may therefore elapse between 
the time of a member’s death and the completion of his memorial. 

The Society appreciates the assistance that has been given by relatives, business 
associates, and friends in the preparation of these memorials. It also acknowledges its 
debt to such sources as Who’s Who in Engineering, Who’s Who in America, and simi- 
lar publications; the National Cyclopedia of American Biography and New Inter- 
national Year Book; the technical and daily press; and to engineering and other 
societies which have supplied information from their records. 

Relatives, business associates, and Local Section and Student Branch officers are 
urged to notify the Society promptly of the deaths of members. Newspaper clippings 
or obituaries in any other form should be sent whenever available and the names and 
addresses of those who can supply further information should be furnished. A special 
form for supplying complete details will be forwarded by the Office of the Society upon 
request. 


CALVIN WINSOR RICE, 1868-1934 


SECRETARY OF THE AMERICAN SociETY OF MECHANICAL ENGINEERS 
1906-1934 


Harris and Ewing 


Life of Calvin Winsor: Rice 


and in the building which his vision, enthusiasm, and 
\ energy had greatly helped to bring into being as a head- 
» quarters for the professional engineering societies of the United 
States, Calvin Winsor Rice, honorary member and for twenty- 
eight years secretary of The American Society of Mechanical 
Engineers died as a result of cerebral hemorrhage on October 2, 
1934, a few hours after his removal to a nearby hospital. 
Although he had won distinction as an electrical engineer in 
the practice of that profession prior to 1906, he will be most 
widely remembered for his services to The American Society of 
. Mechanical Engineers as its secretary and for his vision and 
‘leadership in that office, which not only developed the Society 
greatly in numbers and in virility, but the entire engineering 
’ profession as well. For the spirit of cooperation with which he 
worked brought together the numerous individually organized 
groups of engineers in joint activities for common purposes. 
Of this spirit, the Engineering Societies Building in New York 
is a substantial and glorious monument, the physical embodiment 
of that vision and idealism that were Dr. Rice’s most abundant 
gifts. 


Gime in th at his desk in the midst of his daily work, 


~~ 


His Quairies IN PROFESSIONAL-SOCIETY ORGANIZATION 


At the time Dr. Rice was made an honorary member of The 
American Society of Mechanical Engineers, in December, 1931, 
Dr. Karl T. Compton, president, Massachusetts Institute of Tech- 
nology, delivered an address on his work in professional-society or- 
ganization and paid a splendid tribute to this phase of his career. 
In the address, which was published in the January, 1932, issue of 
MecuanicaL ENGINEERING, Dr. Compton listed six essential 
qualifications for leadership in engineering-society organization 
which Dr. Rice possessed to a marked degree: (1) The ability 
and desire to cooperate with others; (2) the ability and judgment 
to recognize a good project when it was suggested; (3) initiative 
and drive to carry a project through to completion; (4) daring 
to undertake an audacious project, once convinced of its merit; 
(5) originality of thought; and (6) ability to organize, to delegate 
authority, and to spur others on to take active part in the affairs 
of the Society. Dr. Compton listed in addition four principles 
that were basic to Dr. Rice’s philosophy of society organization 

_ and operation: (1) Unselfish cooperation with related societies; 
(2) planning actively for the future, so that development might 
not be haphazard, and so that opportunities for development 
in the desired direction might be quickly and firmly grasped when 
they presented themselves; (3) giving the most effective service 
to the members of the profession; and (4) leading the profession 
in rendering the most valuable possible service to society. The 
great number of engineers who knew Dr. Rice were conscious of 
these elements of his character and these principles of his philoso- 


phy. 


His INTERNATIONAL REPUTATION 


One characteristic feature of his career, resulting from these 
personal qualities, brought distinction to him, to the society he 
served, to his country, and to the profession of engineering. 
This was his relationship with engineers in this and other coun- 
tries. In Great Britain, in Europe, in Mexico and South America, 
and in the Orient, Dr. Rice was well known in engineering circles. 
He traveled frequently in the discharge of his duties, and his 
office in New York was a focal point upon which converged the 
paths of engineers, eminent and obscure, who came to the United 
States. He was never too busy to give letters of introduction to 
engineers from abroad, or to engineers of this country planning 


to travel in Europe. Members of the Society frequently found 
that letters from Dr. Rice were more effective in gaining for them 
admission to some foreign plant or factory than similar letters 
from business men and engineers in the country they were 
visiting. The bread of hospitality and service he continually cast 
upon the waters wherever he happened to be returned in abun- 
dant measure to him by way of courtesies shown all over the world 
to those for whom he bespoke consideration. In students coming 
to this country Dr. Rice had great interest, going out of his way 
to have arranged for them itineraries of plant visits and advising 
them on educational and professional programs. These active 
international relationships brought Dr. Rice into high esteem, 
both here and abroad, and year by year added to the list of those 
beholden to him for help, advice, and innumerable lesser courte- 
sies. 


Sianiricant Events IN His CAREER 


Dr. Rice was born at Winchester, Massachusetts, on Novem- 
ber 4, 1868, the son of Edward Hyde and Lucy J. (Staples) Rice. 
After attending public schools in Boston, New Haven, and Win- 
chester, he spent four years as a student in the Massachusetts 
Institute of Technology, from which he was graduated in 1890 
with the degree of bachelor of science in electrical engineering. 
He then held, successively, positions as assistant engineer in the 
power and mining department of the Thomson-Houston Com- 
pany in Lynn; as engineer in the General Electric Company 
in Schenectady; district engineer for that company in Cin- 
cinnati; engineer with the Silver Lake Mines in Colorado; 
consulting engineer for the Anaconda Copper Mining Company 
in Anaconda, Montana; electrical engineer of the Kings County 
Electric Light and Power Company, and later with the New 
York Edison Company and the Consolidated Subway Com- 
pany; vice-president of the Nernst Lamp Company; consulting 
engineer with the General Electric Company in New York. It 
was from this rich and varied experience in electrical, hydraulic, 
and steam engineering, combined with managerial and adminis- 
trative work, that Dr. Rice was called to the secretaryship of the 
A.S.M.E. in 1906. 


Tue ENGINEERING Societies Burtpine IN New York 


Dr. Rice became a member of the A.I.E.E. in 1897, and was 
active in its affairs. In 1900 he joined the A.S.M.E. The story 
of his part in the bringing together of the engineering societies in 
a common headquarters building in New York and of the manner 
in which the funds were secured was told by Dr. Compton in his 
tribute to Dr. Rice previously referred to. Dr. Compton said: 


In 1902, as chairman of the Building Committee of the A.I.E.E., he 
called a dinner meeting of the committee, together with the president 
of the A.I.E.E., Prof. Charles F. Scott, and several others, to discuss 
plans for a modest building for the Institute, primarily to house the 
Latimer Clark Library, which had been presented to the Institute by 
Dr. S. S. Wheeler on the condition that a fireproof building be secured 
to house it. The Committee had, at that time, definite prospects of 
only about $250,000. When President Scott suggested that considera- 
tion be given to the possibility of a building for housing the four 
National Engineering Societies, with a common library and a common 
auditorium and individual rooms for the headquarters of each society, 
doubts were expressed as to whether the four societies could be 
brought into such a cooperative project. 

Strenuous efforts, which were at the last minute successful, were 
made to get Mr. Andrew Carnegie as a guest at the next annual dinner 
of the Institute. At this dinner President Scott outlined his ambitious 
plan and pointed out its fine features—including the library. 

The next day Mr. Carnegie asked Dr. Rice to come to his residence 
at five o’clock, and Dr. Rice, with characteristic thoughtfulness for 
others, as well as admiration for the lofty character of his president, 
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brought with him Professor Scott. There Mr. Carnegie asked them 
further about the work of the Institute, about the finances of the 
engineering societies, about the relation of the proposed building to the 
Engineers’ Club (of which he was a member). Dr. Rice cleverly in- 
ferred that an obstacle in Mr. Carnegie’s mind was the securing of the 
land, for the latter was not in the habit of buying the land on which 
the libraries which he donated were built. Dr. Rice then optimis- 
tically remarked that the Engineering Societies would be able to 
provide the land, whereupon Mr. Carnegie gave a cheerful smile and 
said, “If you can provide the land, I will put up the building.”’ Dr. 
Rice was made chairman of the building fund. 

Then the money had to be raised to buy the land; complications 
and difficulties in perfecting the organization and developing the 
plans had to be overcome. In the words of Professor Scott, ‘Mr. 
Rice’s devotion to the idea of a building for the Institute and his skill 
in directing the early conference with Mr. Carnegie and his enthusi- 
astic and faithful assistance in subsequent service to the Institute in 
carrying out the project were fundamental factors in the creation of 
the Engineering Societies Building and the separate building for the 
Engineers’ Club.” 


Tue Kenvin Memoriau 


Among other incidents that illustrate Dr. Rice’s faculty of 
initiating projects that bore fruitful results may be mentioned the 
Kelvin Memorial Window, in Westminster Abbey, told by Dr. 
Compton in the A.S.M.E. address, and the establishment of the 
Officers’ Reserve of the United States Army, a brief account of 
which was contained in a letter by the late Gen. William Barclay 
Parsons published in The Military Engineer for March-April, 
1931. Dr. Compton’s account of the Kelvin Memorial Window 
is as follows: 


In 1910 Dr. Rice had a most unique experience, an account of which 
has never before been published. That year the A.S.M.E. made a 
return visit to the Institution of Mechanical Engineers at their 
Birmingham meeting. Remembering that in a modest way the 
A.S.M.E. had contributed to the memorial window in Westminster 
Abbey to Sir Benjamin Baker, honorary member, A.S.M.E., Dr. 
Rice wrote to the Dean asking if it would be permissible for the mem- 
bers of the A.S.M.E. when passing through London on a certain Sun- 
day, to visit the Abbey and view the window. Not only was per- 
mission granted but a special service was arranged, with a sermon on 
engineering by the Bishop of Lewes, and on this occasion the ‘‘Halle- 
lujah Chorus’”’ was rendered by the full surpliced choir. The event 
was further made memorable by having the A.S.M.E. audience ar- 
ranged in a semi-circle about the memorial window, the movable 
pulpit having been placed beside it. 

Dr. Rice noticed that every window in the entire Abbey, save one, 
was a memorial window. The unappropriated window was apparently 
an original plain-glass window and was very dull by comparison. 
The next day Dr. Rice called on the Dean to express gratitude, and in 
conversation commented on the unoccupied window. The Dean im- 
mediately responded that the Abbey would appreciate a gift of a 
memorial window. Dr. Rice thereupon sensed the situation and 
offered a window, knowing it would be an easy matter to collect from 
the entire English-speaking world an amount sufficient to install a 
window to an engineer. 

Dr. Rice proposed a window to his friend Lord Kelvin as one mu- 
tually desired by the Abbey and by engineers. Consistently he ar- 
ranged that this memorial be provided through the cooperation of the 
engineering bodies of Great Britain and the United States. Having 
obtained instant approval of influential persons in England, he used 
the same method in the United States, and, when the undertaking 
was assured, placed the whole proposition in the hands of the Institu- 
tion of Civil Engineers, the oldest and most important engineering 
organization in the world, for announcement of the popular sub- 
scription. 

The result was so successful that not only was the window provided 
but the Kelvin Medal was founded. This is probably the only joint 
undertaking of this nature by the English-speaking world. 


Tue OFrricers’ RESERVE 


In a letter to General Parsons, Dr. Rice said that he had 
commenced agitation for an Officers’ Reserve in 1902, when he 
went to Washington to take the matter up with Gen. Nelson A. 
Miles, then Chief of Staff. He was unsuccessful, but he kept 
repeating his suggestion up to 1914. From General Parson’s 
letter in The Military Engineer the following passages are quoted: 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


By the end of the year 1914, there were some engineers who per- 
ceived that the world was in for a long period of war and that no 
matter what position of neutrality the United States might for a while 
assume, it would probably inevitably be drawn into the conflict. 
Mr. Calvin W. Rice, secretary of The American Society of Mechani- 
cal Engineers, had this view and became firmly impressed with the 
belief that the engineers should be organized for action. 

After conferring with Major-General Leonard Wood, then com- 
manding the Department of the East, Mr. Rice organized a luncheon 
in February, 1915, at which were present, besides Mr. Rice, Dr. 
Henry S. Drinker, President of Lehigh University, Mr. Elmer E. 
Corthell, Mr. Ralph Mershon, Mr. Bradley Stoughton, and a few 
others, with General Wood as the guest of honor. On being asked for 
advice, General Wood pointed out that for many years there had been 
established, as part of the Army, a Medical Officers’ Reserve Corps, 
who were duly commissioned in the Army and who were subject to 
call to duty in case of war and in times of peace with their consent. 
This Reserve had been found to be most beneficial, as officers were 
drawn from it at times of emergency and then could return to private 
life when the stress was passed. He showed that engineers, like 
doctors, were always mobilized for the practice of their profession 
and that an Engineer Officers’ Reserve, parallel to the Medical Offi- 
cers’ Reserve, might be established. 

This suggestion of General Wood’s was promptly taken up, and 
committees were appointed on behalf of the engineering societies. 
... These committees were immediately organized and began to 
work, but it was found more expedient to form a central executive and 
operating committee of the chairmen of the separate committees. 
... The Chairman of the Joint Committee [Wm. Barclay Parsons] 
and the Committee proceeded to Washington to lay the proposed 
plan before the War Department. The Committee went with some 
misgivings as to how such a radical suggestion, emanating from 
civilians, would be received. Their misgivings, however, were quickly 
dispelled. The Secretary of War, Mr. Lindley M. Garrison, received 
them cordially and sympathetically and presented them to Major- 
General Hugh L. Scott, then Chief of Staff. General Scott, after 
hearing what the chairman had to say, introduced him to Major- 
General Tasker H. Bliss, Assistant Chief of Staff. General Bliss 
listened attentively and with much interest, and at the conclusion of 
a long interview sent for Major W. D. Connor, now Major-General 
Connor, an officer of the Corps of Engineers attached to the General 
Staff. General Bliss instructed Major Connor to confer with Mr. 
Parsons and to prepare a joint report for submission. When this was 
done, General Bliss studied it carefully and said, ‘‘You have proved 
your case for engineers, but why limit it,to them? It has always 
been my wish that there should be established a general reserve as 
part of the Army of the United States.” He then returned the report, 
asking them to make a plan for such a general reserve. . . . 

The outcome was that the joint committee reported to the five 
societies under date of June 23, 1916, that ‘‘a bill, which recently 
passed the Congress, has been signed by the President and will be- 
come effective July 1, 1916. This bill, known as the Army Reorgani- 
zation Act of 1916, contains provisions for the organization of an 
Officers’ Reserve, including the engineers.” 

Thus a movement initiated by Mr. Rice, put into concrete form by 
General Wood, and carried into execution by the Committee of the 
Engineering Societies, was authorized by law. 


Dr. Rice, in his modest manner, was very proud of the part 
he played in the establishment of the Officers’ Reserve. He was 
commissioned a major in the Officers’ Reserve Corps in 1922 and 
a Lieutenant-Colonel in 1929. 


His EpucatTionat AFFILIATIONS 


Inspired by the work and character of Dr. Oskar von Miller, 
distinguished director of the Deutsches Museum, for whom he had 
a warm affection and high regard, Dr. Rice became interested in 
the educational possibilities of exhibits of the industrial arts. 
This brought him into active working contact with a group of 
men of enthusiasm and vision who established what is now the 
New York Museum of Science and Industry. As honorary secre- 
tary and a member of the board of this institution he gave freely 
of his energy and advice up to the time of his death. 

To his Alma Mater he gave his services as member of the 
Corporation of the Massachusetts Institute of Technology and 
chairman of the visiting committee of the department of mechani- 
cal engineering of that institution. His broad acquaintanceship 
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among engineers brought him into close contact with other 


institutions, for his advice was frequently sought when a professor- 
ship, a deanship, or a presidency was to be filled. 


Honors AND PROFESSIONAL CONTACTS 


In addition to membership in the A.S.M.E. and the A.I.E.E., 


of which he was a former vice-president, Dr. Rice was a member 


of many other engineering and professional societies. 


He was 
an honorary member of the association of members in Argentina 
of the National Engineering Societies; of the Koninklijk Insti- 
tuut van Ingenieurs, of Holland; of the Club de Engenharia, 


_ of Rio de Janeiro; of the American Society of Safety Engineers; 


_ of the Masaryk Academy, Czechoslovakia; and of the Deutsches 


Museum, Munich, Germany. He was corresponding member of 
‘the Instituto de Engenieros de Chile and of the Technisches 
Museum, of Vienna. In 1915 he served as a member of the Jury 


‘of Award of the Panama-Pacific Exposition. In 1922 he received 


a gold medal at the Centennial Exposition of Brazil. On him 
were bestowed the Order of the White Lion of Czechoslovakia, 
,and the Golden Ring of Honor of Bavaria. He was a fellow of 
\the American Association for the Advancement of Science, and 
a member of the Institution of Electrical Engineers, of London, 
and of the New York Electrical Society. His well-known in- 
terest in research won for him membership in the division of en- 
gineering and industrial research of the National Research Coun- 
cil, and the position of National Counselor of the Purdue Re- 
search Foundation. 

As a delegate of The American Society of Mechanical Engineers 
to the Seventy-Fifth Anniversary of the Verein deutscher Inge- 
nieure, held in Cologne, in 1931, he was the recipient of a medal 
of honor “in appreciation of his services to technical-scientific 
achievement, particularly in promoting the mutual international 
interests of the engineers of the entire world.”” Among other 
honors in Germany he received the honorary degree of Doctor of 
Engineering (Dr.-Ing. E. h.), from the Technische Hochschule, 
of Darmstadt, Germany, in 1926. 

Dr. Rice married Ellen M. Weibezahn, of Winchester, Mass., 
August 6, 1904, who, with his children, Edward Winslow and 
Marjorie Charlotte, survives him. 


TripuTe oF THE A.S.M.E. Councin 


A tribute to Dr. Rice was presented at the Business Meeting 
Jof the Society in December, 1934, in behalf of the committee of 
three past-presidents, Dexter S. Kimball, chairman, D.S. Jacobus, 
and Alex Dow, appointed for this purpose at the October 24 meet- 
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ing of the Executive Committee of the Council of the Society. 
The tribute follows: 


In the passing of Calvin Winsor Rice this Society has suffered an 
irreparable loss and many of its members have lost a kind friend and a 
wise advisor. To some of us who have been close to him for many 
years it does not seem possible that we shall never again see his cheer- 
ful smile, never again feel the hearty clasp of his hand, and never 
again see his bold signature at the end of a letter. 

The accomplishments of his long and busy life are well known and 
will be recorded elsewhere, but it is very fitting that we should here be 
reminded of the great work that he performed in building up this So- 
ciety. In season and out of season he labored wholeheartedly, and 
much of the success and reputation of The American Society of 
Mechanical Engineers is due to his foresight and faithfulness. Nor 
has this Society alone been benefited by his work. He had long been 
a source of information and inspiration to all who were concerned 
with the affairs of the engineering profession. 

Especially should we remember that the existence of the Engineer- 
ing Societies Building that has done so much to stimulate and con- 
solidate the engineering fraternity is largely the result of his en- 
thusiasm and diplomacy. As a consistent and energetic promoter 
of the life within the walls of this building, his work has been pre- 
eminent and will ever be remembered. 

Mr. Rice was a man of remarkably broad and sympathetic nature. 
All good works claimed his attention and support and his range of 
activities was surprisingly great, both in this country and abroad. 
As a natural result he had a world-wide host of friends and acquain- 
tances. Hehad indeed a peculiar ability to make friends of all manner 
of men. Few men in any walk of life have made so many personal 
contacts as he, and this in no small way redounded to the credit and 
reputation of the Society. The loss of these many connections can 
never be regained. 

He was particularly considerate of young men and their problems. 
Many such sought him out for the advice and help that never failed 
and which was given freely and graciously. His unfailing good humor 
and his patience, diplomacy, and steadfastness, even when under 
criticism, fitted him admirably for the great work that he accom- 
plished as secretary of the Society. 

The engineering fraternity has lost a distinguished member, the 
Society has lost a great leader, and many of us have lost a friend and 
counselor. Because of such men the race makes progress, and the 
world is the better for his presence. And his work will endure. The 
labors of no man, who builds sc intelligently and industriously as he, 
are ever lost but become a part of the inheritance of the race. ‘‘Though 
he were dead, yet shall he live.’ It is for those of us who remain to 
build upon the work he directed, so long and so well, the greater and 
more serviceable society that he always visualized, weaving into it 
not only technical excellence, but also the fine human qualities that so 
marked his personality. 


“Build thee more stately mansion, O my Soul! 
As the swift seasons roll! 
Leave thy low-vaulted past! 
Let each new temple, nobler than the last, 
Shut thee from heaven with a dome more vast, 
Till thou at length art free, 
Leaving thine outgrown shell by life’s unresting sea!” 


Dr. Calvin W. Rice’s Contribution to International 


Friendliness 


By JOHN H. FINLEY? 


T has been announced that I am to give a lecture, but what I 
shall say will not deserve such a formal or didactic descrip- 
tion. It will, I hope, the rather be but as a preface to a series 

of lectures to bear the name of Calvin Rice—lectures devoted to 
the causes to which he gave himself, soul, mind, and body. 
It will so be that though dead he will yet speak on through the 
years and even centuries, in which we cannot doubt that the earth 
will be under a unified planetary physical control of engineers 
with Rice’s humanizing and coordinating spirit, so far as man is 
progressively able to master the forces of nature. 

Prometheus, the first of engineers, the demi-god as Shelley 
recounts his alleviation of man’s estate, 


brought the fire to man, tortured to his will iron and gold, the 
slaves and signs of power, found what was hid beneath the mountains 
and the waves... gave science... taught the implicated orbits 
woven of the wide-wandering stars... taught to rule the tempest- 
winged chariots of the ocean and made the Celt to know the Indian 
... Cities were built and through their snow-like columns flowed 
the warm winds and the azure ether shone and the blue sea and 
shadowy hills were seen. 


But these were only the beginnings of the ministry of the engi- 
neer. He was a Titan in the Greek myth, this half-god, half- 
man who secreted the fire in a rod of fennel and carried it to mor- 
tals, as later the modern engineer, whose name meant originally 
the man of genius, caught the fire of electricity and carried it in a 
wire to the inhabitants of all the earth—the mythical precursor of 
the engineer who has equated the unknown from the known by 
algebraic signs and evoked the seen from the unseen by di- 
vinations of intersecting lines and incantations of logarithms. 

Prometheus is no longer bound. A Titan he is free to avail of 
all that his mind can bring forth to light. You remember into 
what a rapture Shelley rises at last in his “Prometheus Un- 
bound,” 


To suffer woes which Hope thinks infinite; 

To forgive wrongs darker than death or night; 
To defy Power, which seems omnipotent; 

To love, and bear; to hope till Hope creates 
From its own wreck the thing it contemplates; 
Neither to change, nor falter, nor repent; 
This, like thy glory, Titan, is to be 

Good, great and joyous, beautiful and free; 
This is alone Life, Joy, Empire, and Victory. 


It was a Promethean labor that Calvin Rice, Engineer, protago- 
nist of engineers, friend of all mankind, performed, yet happily 
without Promethean suffering or “withering in destined pain.” 
He went in the midst of his joyous planetary employment, con- 
scious of the appreciation and the goodwill of the world which he 
was leaving. 

I have often used the phrase “planetary consciousness” as 
something deeper than international-mindedness, importing a 
basic human relationship without regard to race or nationality. 
I think from what I have heard that few possessed that con- 
sciousness more highly developed than Calvin Rice—and not 
merely as an official acquaintanceship. Dr. A. B. Hart, Professor 
of Government Emeritus in Harvard University, has sent me a 


1 a ag from address delivered on December 5, 1934, during 
the Annual Meeting, New York, N. Y., of The American Society of 
Mechanical Engineers. 

2 Associate Editor of the New York Times. 


letter which illustrates that particular phase of the life of Calvin 
Rice: 


I have received the invitation to be present at your address in the 
Calvin W. Rice Lecture Series on ‘International Friendliness.” 
Surely that term is applicable to Mr. Rice, who belonged to the large 
group of international scientific men; for whatever race, condition, 
language, or government, there is but one world group composed of 
those who adhere to the principles of that modern religion which is 
founded on the establishment, recognition, and application of truth. 
A more candid man than Calvin W. Rice could not be found, and he 
was a remarkable example of the international spirit of personal 
goodwill, of recognition of achievements, and of distribution of the 
results of research and generalization for the common welfare of 
mankind. 

It is that universality of research, that generous distribution of the 
results of research throughout the world which characterizes the 
science of the Twentieth Century. 

Added to that indelible search for and acceptance of the truth was 
the personal side of the man—the humor, the good temper, the fore- 
casting, the belief in the universality of research and of learning 
Calvin W. Rice is a shining example of that true, indivisible, and 
universal science which is the pride of our age. 


Here are particular instances of his “international friendliness” 
in which his planetary consciousness of the common fate of 
mankind expressed itself—first from Dr. L. $8. Rowe, Director 
General of the Pan American Union: 


Mr. Rice was a constant and enthusiastic collaborator in the work 
of the Pan American Union. He was particularly helpful to us in 
bringing about closer relations between the engineering societies in 
Latin America and the national engineering societies of the United 
States. In the furtherance of this work he made a trip through the 
countries of South America and was warmly received everywhere. 
In devising plans for the development of closer cultural ties between 
the United States and Latin America I constantly turned to him for 
advice and suggestion. In a word, he was one of the most efficient 
collaborators in the furtherance of the plan for closer understanding 
between the nations of this continent. 


Next a letter from the General Secretary of the Committee on 
Friendly Relations Among Foreign Students, Mr. Charles D. 
Hurrey: 


Dr. Calvin Rice was an esteemed member of our Committee on 
Friendly Relations Among Foreign Students for the past six years. 
He was never too busy to receive foreign student callers and to ad- 
vise them with reference to obtaining practical experience in engineer- 
ing before returning to their native lands. I have never known a 
more thoughtful man in writing letters of sympathy and appreciation 
to foreign student leaders; because of his world travels he was literally 
a citizen of the world and always manifested a profound respect for 
our visiting students and professors from abroad. 

Outstanding in his international services was his support of the 
plan by which several hundred German graduates of technical 
schools came to America after the war to obtain practical training 
in American industry. Dr. Rice was one of the moving spirits in 
initiating and carrying through this plan, which has established an 
abiding friendship between American industrial leaders and hundreds 
of the brightest younger business and professional men of Germany. 

I have in my files many letters from Dr. Rice, and in my memory 
is a happy recollection of many conversations in which he expressed 
a conviction that an engineer must be first a real, intelligent world 
citizen and secondarily an efficient technician. 


One more only may I read—from Dr. 8. P. Duggan, Director 
of the Institute of International Education: 
Dr. Calvin Rice was of inestimable aid to me in establishing one 


of the important activities which took place almost at the beginning 
of this Institute’s career; namely, the exchange made with France 
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of engineering professors....His own efforts in...respect (to 
securing funds) and others in connection with the exchange were of 
great value to us. 

He has since been a real friend to all our undertakings, particu- 
larly to young foreign exchange students of engineering who have 
come to study at American colleges and universities. His advice 
was eagerly sought by them and we have felt it a privilege to have 
such an authority place himself at our disposal. 
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These are only several instances of his friendship; but it is difficult 
to enumerate all the occasions when he was helpful. It is needless to 
say that the Institute and myself feel that the passing of Calvin 
Rice is an irreparable loss. 

His passing would be an irreparable loss if his life were not a 
prophecy of better human relations as well as physical comforts. 
His humanizing and coordinating spirit will live on. 


Memorial Notices 


HAROLD FRANCIS ADAMS (1868-1934) 


Harold Francis Adams, whose death occurred at Sayville, L. I., 
N. Y., on January 30, 1934, was born at Tansborough, N. J., on 
August 3, 1868, the son of Charles Edwin and Ellen Maria (French) 
Adams. His early education was secured in the schools of Atlantic 
City, N. J. After completing high school there he studied at Pierce’s 
Business School and the Franklin Art Institute, both in Philadelphia, 
Pa., and then at the University of Pennsylvania, from which he se- 
cured a certificate of proficiency in 1897. 

During the next five years Mr. Adams was a practicing architect 
in Atlantic City. From 1902 to 1904 he was associated with Herbert 
D. Hale and H. G. Morse, Jr., in charge of their Philadelphia office 
as chief draftsman and also in charge of the work of designing the 
interior fittings of the S.S. Manchuria and 8.8. Mongolia, built by the 
New York Shipbuilding Company, Camden, N. J. During the 
following year he was employed by Wilson Eyre, of Philadelphia, 
directing the construction of a large private home in Jenkintown, Pa. 

From 1905 to 1907 Mr. Adams was again connected with Hale and 
Morse, with whom James Gamble Rogers was also associated at that 
time. Mr. Adams held the position of assistant chief draftsman and 
had charge of exterior work on a number of large buildings in New 
York, including the McCreery store and Engineering Societies 
Building. 

In 1907 and 1908 he was employed by the Purdy & Henderson Co., 
of New York and Havana, in charge of drawings for the Custom 
House and other buildings in Santiago de Cuba, and from 1917 to 
1920 he was chief draftsman and head of the Havana office of that 
company and made designs for both conerete and structural steel 
buildings there. During the years 1909-1917 he worked successively 
for Mr. Rogers, directing construction on the estate of E. S. Harkness, 
New London, Conn.; for Goldwin Starrett & Van Vleck, New York, 
on plans for the Albany (N. Y.) high school; and for Willauer, Shape 
& Bready, New York, as chief draftsman, working on plans for a 
number of large buildings in that city. 

While in Havana with Purdy and Henderson Mr. Adams attracted 
the attention of the Royal Bank of Canada, and in 1920 he became 
manager of its Bank Premise Department there. Later he was trans- 
ferred to Montreal, Canada. He left the bank’s employ in 1923 to 
open an office of his own in New York, where he engaged in archi- 
tectural work until his retirement in 1931. 

Mr. Adams became a member of the A.S.M.E. in 1921 and also 
belonged to the American Institute of Architects and the American 
Arbitration Association, as well as to the masonic fraternity. He 
had served as captain of the Morris Guards of Atlantic City. He 
invented a honing device, which was patented in 1918, and was inter- 
ested in photography. He is survived by his widow, Minnie A. 
(Rocks) Adams, and two sons, Harold Francis, Jr., and Lewis Edwin, 
all of Sayville, and a daughter, Helen B. Adams, of Baltimore, Md. 


MARION EUGENE BABIONE (1908-1934) 


Marion Eugene Babione, whose death occurred on June 2, 1934, 
was born on May 6, 1908, at Luckey, Ohio, the son of Dr. Augustus 
A. and Anna (Bollini) Babione. He secured an A.B. degree at Adel- 
bert College, Western Reserve University, Cleveland, Ohio, in 1930, 
and two years later a B.S. degree in mechanical engineering at the 
Case School of Applied Science. While at Adelbert College he was 
elected to the Pi Kappa Alpha fraternity, and he later became a mem- 
ber of Sigma Xi, honorary scientific fraternity. He became a junior 
member of the A.S.M.E. in 1932. 

For eighteen months prior to his death Mr. Babione was employed 
as mechanical engineer for the Hanna Coal Company, Cleveland. 


JOSEPH E. BACHELDER (1868-1932) 


Joseph E. Bachelder, who died in Chicago, Ill., on December 12, 
1932, following two months’ illness, was born at Palmyra, Maine, on 
November 3, 1868. At an early age his family removed to Holyoke, 
Mass. Following his graduation from high school, he entered the 
employ of the Deane Steam Pump Company of Holyoke, progressing 
rapidly in the organization, and from 1897 to 1901 was assistant to 
the superintendent of the company. He then went to Chicago to be- 
come manager of the Pump Sales Department of Fairbanks, Morse 
& Co., and remained in the employ of this company, with the excep- 
tion of a year as vice-president and manager of the Temple Pump 
Company, Chicago (1914-1915) until his retirement in 1930. From 
1901 to 1906 he was manager of the Pump Sales Department. He 


then was transferred to the Pump Manufacturing Department at 
Beloit, Wis., where he remained until 1914. After the year with the 
Temple Company he was appointed engineering salesman and New 
York branch manager of the Fairbanks organization. He was trans- 
ferred to Baltimore in 1922 and to St. Louis in 1923, serving as mana- 
ger in each city. 

Mr. Bachelder became a junior member of the A.S.M.E. in 1905 
and an associate of the Society in 1921. Heissurvived by his widow, 
Grace Swift Bachelder, and by a son and two daughters. 


HERBERT A. BARRE (1875-1934) 


Herbert A. Barre, chief engineer of the Southern California Edison 
Company, Ltd., died suddenly of a cerebral hemorrhage at his home 
in Los Angeles, Calif., on June 28, 1934. He had been in the con- 
tinuous service of the Southern California Edison Company and its 
predecessor companies for 23 years, holding successively the posi- 
tions of electrical and mechanical engineer, executive engineer, and 
chief engineer. 

Mr. Barre was born at Pictou, N. S., Canada, on January 26, 1875, 
the son of John R. and Elizabeth F. (Merriman) Barre. He went to 
San Francisco while still a child and received his education in the 
schools of that city. He secured a B.S. degree from the University 
of California in 1897 and was a member of Tau Beta Pi, honorary 
engineering fraternity. He was given an honorary degree by the 
California Institute of Technology in 1924. 

Practically all of Mr. Barre’s engineering work was done in the West 
in connection with electric utility systems. Following his graduation 
in 1897 he secured employment as electric station operator for the 
Redlands (Calif.) Electric Light & Power Co. and subsequently held 
similar positions with the Los Angeles Railway and the Mt. Whitney 
Power Company, Hammond, Calif., and was assistant electrical en- 
gineer with the traction company at Oakland Calif. From 1900 to 
1902 he was connected with the Independent Electric Light & Power 
Co. and Independent Gas Company, San Francisco, as inspector of 
construction and assistant to the chief engineer of the former, and 
assistant superintendent of the latter. In 1902 he returned to Los 
Angeles as assistant to R. S. Masson, consulting engineer of the 
Henry P. Huntington properties, which included the Los Angeles 
Railway, the Pacific Electric Railway, and the San Joaquin Light & 
Power Co. 

In 1906, Mr. Barre became associated with the Electric Bond & 
Share Co., of New York, N. Y., where he was engaged in engineering 
valuation and operating activities. Construction of the Glenwood 
and Boulder plants of the Denver Gas & Electric Co. took Mr. Barre 
West again to Denver in 1907. He became interested in the forma- 
tion of the Electric Construction Company, which built the Fossil 
Creek plant of the Arizona Power Company, and was actively engaged 
in the building of that plant. 

In 1911, when the Pacific Light & Power Corp. (a Huntington 
property, merged in 1917 with the Southern California Edison Com- 
pany) was beginning the construction of the Big Creek-San Joaquin 
River hydroelectric development with its 240-mile transmission lines to 
Southern California, Mr. Barre was engaged as electrical and mechani- 
cal engineer. It was in connection with the large hydroelectric and 
steam system of the Southern California Edison Company that his 
most outstanding achievements were accomplished. He was pos- 
sessed of high engineering ability coupled with a very sound economic 
understanding of the utility industry. His recommendations as en- 
gineer and economist are permanently written into the great hydro- 
electric and steam system of the company he served. In 1911, when 
Mr. Barre became associated with the properties now comprising the 
Southern California Edison Company, this system consisted of a 
development of some 180,000 horsepower, represented by a plant in- 
vestment of about $50,000,000. During his active participation in 
the development of this system, the plant capacity was enlarged to 
more than 1,250,000 horsepower and the investment in properties 
increased to $350,000,000. 

Probably the most outstanding achievement of Mr. Barre’s work 
was the successful construction and operation of the first 150,000- 
volt long-distance electric transmission lines in the world, transmitting 
energy from the water power development on Big Creek and the 
San Joaquin River to Los Angeles, a distance of approximately 240 
miles. Later, when the construction of additional power develop- 
ment at Big Creek brought the need for greater transmission capacity 
to Southern California, Mr. Barre met the requirement by recon- 
structing the 150,000-volt lines for operation at 220,000 volts. These 
lines so converted were the first commercial lines in the world to ac- 
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complish electric transmission at this high voltage. These attain- 
ments brought to Mr. Barre world recognition as an engineer and 
attracted attention from outstanding engineers in America and 
foreign countries who went to Los Angeles to learn the details of con- 
struction and operation. This contribution in the field of electric 
transmission has not only saved many millions of investment in 
transmission expense on the projects with which he was associated, 
but has also had its influence on the development of all the large 
hydro developments in the world that are distant from the market 
to which the energy is transmitted. 

Mr. Barre became a member of the A.S.M.E. in 1912. He also 
belonged to the American Institute of Electrical Engineers. He 
married Annie E. McTear, in Los Angeles, in 1904, and is survived 
by her and by two children, Ben E. and Ruth E. Barre, and also by 
his father. 


WILLIAM HASTINGS BASSETT (1868-1934) 


William Hastings Bassett, a pioneer metallurgist in the non-ferrous 
metal industry, connected since 1902 with The American Brass Com- 
pany, died at his home in Cheshire, Conn., on July 21, 1934. He was 
born at New Bedford, Mass., on March 7, 1868, the son of William 
A. and Almira D. (Mayhew) Bassett. With forebears who were sea- 
faring men and a childhood spent in such an environment as New 
Bedford, he had a love for the water which always made boating his 
favorite recreation. Until within a year of his death he spent a 
month annually at Martha’s Vineyard. 

Not choosing to follow the sea as a profession, however, he entered 
the Massachusetts Institute of Technology, from which he was gradu- 
ated in 1891 with a Bachelor of Science degree. He spent the next 
five years as chemist and superintendent for the Popes Island Manu- 
facturing Company, in New Bedford, and then taught chemistry at 
the Swain Free School there until 1900. During the next two years 
he was chief chemist at the Newark Iaboratory of The New Jersey 
Zinc Company. 

In 1902 Mr. Bassett went to Torrington, Conn., as chemist for the 
Coe Brass Manufacturing Company, a branch of the newly formed 
American Brass Company of Waterbury. The following year he was 
made chief chemist and metallurgist of The American Brass Company, 
in 1912 its technical superintendent and metallurgist, and in 1930 
metallurgical manager of the company. Of his position in the non- 
ferrous metal industry and the achievements which led to it, Dr. H. 
Foster Bain, formerly secretary of the American Institute of Mining 
and Metallurgical Engineers, wrote in an appreciation published in 
Mining and Metallurgy for September, 1934, as follows: 

“After beginning as chemist he rose through various grades of 
laboratory and plant service with ever increasing responsibilities until 
he became metallurgical manager for the entire company, itself the 
largest producer of brass and copper goods in the world. He was the 
recognized unofficial dean of metallurgists in his chosen field long be- 
fore he died. 

“To him, more than any other single individual, though many had 
part in the movement, was due the introduction and development of 
technical control of production in copper-alloy manufacture. When 
he went to Torrington, brass making was an art handed down from 
father to son or master to apprentice. The manager of a plant was 
in the hands of his melters who kept close in their own control knowl- 
edge of composition, temperature, and time necessary to produce 
given quantitiesin an alloy. Results were irregular, unexplained, and 
often unsatisfactory. Bassett being a chemist at once began taking 
samples and making analyses. Also, as Holland and Pringle have 
related in a most interesting chapter in ‘Explorers in Science,’ he had 
a microscope. It was at least among the first of those instruments 
put into effective use in the industry. The result was that composi- 
tion and quality were accurately related and the metallurgist came 
to give directions for what went into the pots and when.... A firm 
foundation was laid for large-scale manufacture of standard goods 
even from high-priced metals. 

“Mr. Bassett’s researches in alloys were numerous and wide rang- 


ing. A large number of patents were secured in his name or in that 


of members of his staff and still others were bought by the company 
on his recommendations. It was not only in chemical matters that 
he was an authority but in much besides. An important reinforced 
hollow copper cable is one of his inventions and his wide knowledge 
and sound judgment of methods of testing were recognized by his 
professional compeers in his election to the presidency of the Ameri- 
can Society for Testing Materials which he held at the time of his 
death.” 

Mr. Bassett was president of the A.I.M.E. in 1930. Prior to that 
he had served as chairman of the Institute of Metals Division of the 
Institute and was instrumental in bring about the merging of the 
older Institute of Metals with the A.I.M.E. He was awarded the 
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James Douglas Medal by the A.I.M.E. in 1925 ‘‘for constructive re- 
search in copper and brass and other non-ferrous metals and their 
alloys and for his contributions to the establishment of high stand- 
ards of quality.” 

Mr. Bassett’s service in the American Society for Testing Materials 
was also outstanding. C.L. Warwick, secretary-treasurer of the So- 
ciety, has summarized it in the following paragraph: 

“In June, 1934, after serving a two-year term as vice-president, he 
was elected president of the American Society for Testing Materials, 
with which he had been affiliated since 1903. As a personal member 
and the official representative of his company, he participated ac- 
tively in the work of a number of A.S.T.M. committees. He took a 
leading part in the organization in 1909 of the first two A.S.T.M. 
standing committees in the non-ferrous field, B-1 on Copper Wire 
and B-2 on Non-Ferrous Metals and Alloys, and served continuously 
on these committees until his death. He served as a member of the 
society's executive committee in 1916-1918. He always took a keen 
interest in advancing the knowledge of the properties of non-ferrous 
metals and supported actively a number of research and standardi- 
zation projects in the society.” 

Mr. Bassett also took part in the work of the National Research 
Council and during the World War was a member of the War De- 
partment’s Advisory Committee on Materials for Airplane Con- 
struction. He had served on the Metallurgical Advisory Committee 
to the Bureau of Standards and on the Army Ordnance Advisory 
Committee, Watertown Arsenal. He was a member of the Army 
Ordnance Association. 

Mr. Bassett became a member of the A.S.M.E. in 1924. He was a 
former director of the American Institute of Chemical Engineers, a 
Fellow of the American Association for the Advancement of Science, 
and held membership in many scientific and engineering societies in 
this country and abroad, including the American Chemical Society, 
Society of Automotive Engineers, American Electrochemical Society, 
Mining and Metallurgical Society of America, American Foundry- 
men’s Association, Society of Naval Architects and Marine Engineers, 
American Welding Society, The Franklin Institute, American Geo- 
graphical Society, Institute of Metals and Society of Chemical In- 
dustry, London, and Deutsche Gesellschaft fiir Metallkunde. He 
was a 32d degree Mason and a Shriner, trustee of the public library 
in Cheshire, and a deacon in the First Congregational Church there 
since 1914. He belonged to the Engineers’ and Chemists’ Clubs in 
New York, as well as to clubs in Waterbury and Torrington. 

Mr. Bassett married Sarah Hedge Whiting in 1892 and is survived 
by her and by two children, Alice Whiting Bassett and William Hast- 
ings Bassett, Jr., the latter technical superintendent and metallurgist 
for the Anaconda Wire & Cable Co., Hastings-on-Hudson, N. Y. 


HENRY HOWELL BAUMGARTNER (1893-1933) 


Henry Howell Baumgartner died on November 16, 1933, at his 
home in Belleville, N. J., of injuries sustained in an automobile acci- 
dent during the summer. He was president and treasurer of the 
Essex Engineering Company, organized at Belleville in 1928. 

Mr. Baumgartner was born at Flemington, N. J., on July 10, 1893, 
the son of Frederick and Marguerite (Burkitt) Baumgartner. He 
attended the United States Steam School at Hoboken, N. J., for five 
months during the winter of 1917-1918 and served in the United 
States Navy until early in 1920. He then spent about a year as 
second engineer on the Standard Oil tanker, ‘‘S. V. Harkness.’”’ He 
was refrigerating engineer for Swift & Co. from September, 1921, to 
February, 1922, and spent the remainder of that year in his former 
position of second engineer of Standard Oil tankers. 

From then until June, 1925, Mr. Baumgartner was connected with 
the Public Service Gas & Electric Co., of New Jersey, as assistant 
boiler room engineer and technical assistant. During the next three 
years, until he organized the Essex Engineering Company, he was 
refractory and combustion engineer for the Drake Non-Clinkering 
Furnace Block Company, of New York, N. Y. Several patents, 
dealing with furnaces and combustion methods, were issued to Mr. 
Baumgartner. 

Mr. Baumgartner became an associate-member of the A.S.M.E. 
in 1928, and was past-president of the National Association of Power 
Engineers. He belonged to the Belleville post of the American Legion. 
His widow, Ida E. (Hughes) Baumgartner, whom he married in 1918, 
and two sons, William Darrow and Richard Balz Baumgartner, sur- 
vive him. 

JOSEPH ROBERT BLAINE (1884-1934) 


Joseph Robert Blaine died at his home in Oak Park, Ill., on De- 
cember 17, 1934. He had been connected since 1913 with the Miehle 
Printing Press & Manufacturing Co., Chicago, in charge of the de- 
sign of offset printing presses. 
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Mr. Blaine was born in Chicago on November 14, 1884, the son of 
John Smith and Frances (Birkholz) Blaine. He received a B.S. de- 
gree at the University of Wisconsin in 1905, and an M.H. degree from 
that institution in 1911. For two years prior to entering college he 
had worked in the shop and toolroom of Edward P. Allis, Milwaukee, 
and for a year on the erecting floor of Pawling & Harnischfeger, in 
that city. He spent his vacations in the latter work, also, and after 
his graduation in 1905 continued with the company for two years as 
mechanical draftsman. 

From 1907 to 1913 Mr. Blaine was engaged by the Berlin Machine 
Works, Beloit, Wis., as designer of band-sawing machinery, spending 
four months of the time in Europe in special work for the company. 
He held some patents on woodworking machinery but his most im- 
portant work was in the graphic arts field, in which he held about 
fifty patents for inventions on typographic and lithographic presses 
and other printing equipment. 

Mr. Blaine became a member of the A.S.M.E. in 1917. He is 
survived by his widow, Mrs. Attolle (Frost) Blaine, a daughter, 
Virginia P. Blaine, and a son, Robert F. Blaine. 


DAVID REES BOWEN (1865-1934) 


David Rees Bowen, vice-president of Farrel-Birmingham Com- 
pany, Inc., Ansonia, Conn., and for many years its chief engineer, 
died at his home in Ansonia on December 29, 1934. He played an 
important part in the development of machinery for non-ferrous roll- 
ing mills, sugar-cane grinding, stone and ore crushing, and for the 
manufacture of paper, rubber, linoleum, and other products, and was 
widely known in the industries where such machinery is used. 

Mr. Bowen was born in Cwmavon, Wales, on October 22, 1865. 
He received his early education in the British national schools and at 
Llandovery Collegiate School. At the age of 17 he came to the 
United States with his parents and in 1883 entered the employ of the 
Farrel Foundry & Machine Co. as a machinist’s apprentice. After 
serving his apprenticeship for three years he worked as a machinist 
two years longer, then entered the drafting room of the company. 
His exceptional ability soon led to his appointment as superintendent, 
then chief engineer. He held the latter position until 1930, when he 
was elected vice-president, in charge of engineering. In July, 1933, 
when ill health compelled him to relinquish the active direction of en- 
gineering, he became consulting engineer for the company, continu- 
ing also as vice-president until his death. 

Mr. Bowen had been a member of the A.S.M.E. since 1899. He 
was also a member of the masonic fraternity and the Elks. He took 
an interest in civic affairs, serving as alderman of Ansonia and as a 
member of the board of trustees of the public library there. He was 
also a vestryman of Christ Episcopal Church. He was very fond 
of books and through his reading had acquired a fund of knowledge 
on many subjects. He spoke the Welsh language fluently and was 
deeply interested in his native land, to which he returned for many 
visits. 

He is survived by his widow, a son, a daughter, and two grand- 
children. 


HENRY K. BROOKS (1869-1934) 


Henry K. Brooks, president of the Capital Iron Works Company 
and of the Steel Fixture Manufacturing Company, of Topeka, Kan., 
died in that city on August 12, 1934, of a cerebral hemorrhage. 

Mr. Brooks was born at Kettering, Northamptonshire, England, 
on January 8, 1869, and was educated in that country. His early 
schooling was received through private instruction and at the Wis- 
bech Schools, Cambridgeshire. After securing government certifi- 
cates in drawing, he served an apprenticeship with the firm of Gim- 
son & Co., general engineers, of Leicester, at the same time attending 
the Leicester Technical Evening College. Upon the completion of 
his apprenticeship he continued in the employ of Gimson & Co. for 
several years. He also worked for a short time for the Midland 
Railway Company, in England, before coming to the United States. 

During his first years in this country Mr. Brooks was also engaged 
in railroad work, being employed by the Atchison, Topeka & Santa 
Fe, the Southern Kansas, and the Southern Pacific railway compan- 
ies. In 1895 he accepted a position as instructor at the Kansas 
State Agricultural College, in charge of the foundry, blacksmith, and 
machine departments. The following year he returned to the in- 
dustrial field, in the capacity of general manager for the Capital Iron 
Works. A short time afterward he and his brother, George W. 
Brooks, purchased the company and he became its president. He 
spent three years with the company, during this first period, and was 
respqnsible for the work under many federal, state, and railroad con- 
tracts for structural iron and machinery. 

In 1899 Mr. Brooks became interested in the electrical field and 
took a position with the Electric Axle Light & Power Co., of New 
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York, N. Y., in charge of its equipment in operation on railroads. 
The following year he became assistant chief engineer for the Con- 
solidated Railway Light & Equipment Co., New York, and for sev- 
eral months had charge of its factories in New York and Connecticut. 
Later in 1900, having made some improvements in electric train- 
lighting apparatus, Mr. Brooks was offered a position as chief engi- 
neer of the United States Light & Heating Co., New York. He 
remained with this company until 1908 and was in complete charge of 
its factory and all mechanical apparatus. 

In 1908 Mr. Brooks returned to Topeka to again take over the 
management of the Capital Iron Works, and he and his brother also 
formed the Steel Fixture Manufacturing Company for the manu- 
facture of steel office furniture. These two fabricating companies 
are among the largest of their kind in Kansas and their products are 
widely distributed. 

Mr. Brooks became a member of the A.S.M.E. in 1907. He wasa 
charter member of the Kansas Day Club, New York, N. Y., a mem- 
ber of the board of directors of the Kansas State Historical Society, 
past-president of the Associated Industries of Kansas, past-president 
of the Lakeview Hunting and Fishing Club of Topeka, and a Scottish 
Rite Mason. 

Mr. Brooks married Miss Edith Harrison, of Ottawa, Kansas, in 
1895. She died in 1927, He is survived by a daughter, Mrs. R. E. 
Kreuger, of Topeka, as well as by a number of brothers and sisters. 


JAMES PARK CALDERWOOD (1884-1934) 


James Park Calderwood, head of the Department of Mechanical 
Engineering at Kansas State College of Agriculture and Applied 
Science, Manhattan, Kan., died at his home there on August 9, 1934. 
He is survived by his widow, Coral E. (Parker) Calderwood, whom 
he married in 1910. 

Professor Calderwood was born at Middleport, Ohio, on January 
1, 1884, the son of Andrew and Christina (Thompson) Calderwood. 
He was graduated from the Middleport High School in 1903 and from 
the Pomeroy (Ohio) Academy the following year, and in 1908 se- 
cured his M.E. degree at Ohio State University. The following year 
he held a fellowship in experimental engineering at the university. 

In 1909 Professor Calderwood became instructor in mechanical 
engineering at Pennsylvania State College. He was made assistant 
professor in charge of all heat-engine subjects the following year and 
in 1911 took charge of the experimental engineering laboratory. In 
1913 he was advanced to an associate professorship, with the adminis- 
tration of the experimental engineering department, and he continued 
in this post until 1917. In addition to his regular teaching and ad- 
ministrative work he designed and installed a heating and ventilating 
system for new liberal arts and mining buildings. 

Special research work conducted by Professor Calderwood while 
at Pennsylvania State College included an investigation of the effect 
of the velocity and humidity of air on heat transmission through 
building material; a study of the pounding in gas engines when using 
kerosene as a fuel; the development of a method of determining the 
ultimate from the proximate analysis of coal; and a study of the pur- 
chase of coal by specification, which was primarily a study of the 
methods of coal sampling. The results of all of these investigations 
were published by the Engineering Experiment Station of the college. 

Professor Calderwood served as a member of the Pennsylvania 
State Board for the examination of boiler and elevator inspectors from 
1910 to 1917, and was offered, but declined, an appointment as me- 
chanical engineer for the Department of Labor and Industry of the 
State of Pennsylvania. In 1916 the Pennsylvania State College 
conferred the degree of Master of Science upon him. 

In 1917 Professor Calderwood accepted a position in the Engineer- 
ing and Inspection Division of the Travelers Insurance Company at 
Hartford, Conn. He spent a year with the company, working on 
special engineering problems connected with liability and indemnity 
insurance, including the special inspection of industrial plants, 
studies on accident prevention, and the development of a method for 
the rating of chemical risks. During this year he also served as 
assistant engineer for the State of Connecticut in connection with the 
United States Fuel Administration. 

Professor Calderwood had been a member of the faculty of Kansas 
State College since 1918, when he became professor of steam and gas 
engineering there. He was made head of the Department of Me- 
chanical Engineering the following year. Reports on some of his 
work there have been published by the Engineering Experiment 
Station of the college. He had also made frequent contributions to 
the technical press and was co-author of several textbooks, including 
“Engineering Thermodynamics,” in collaboration with James A. 
Moyer; ‘‘Elements of Steam and Gas Power,’ with A. A. Potter; 
and ‘‘Elements of Engineering Thermodynamics,” with Moyer and 
Potter. He had been called upon by the public service commissions 


SOCIETY RECORDS 


of Kansas and Missouri and the Federal Court of Nebraska in cases 
involving controversy over natural gas. 

Professor Calderwood became a junior member of the A.S.M.BE. in 
1913 and a member six years later. He had served two terms on the 
executive committee of the Mid-Continent Section of the Society, 
being vice-chairman in 1925-1926 and again a member of the com- 
mittee in 1929-1930. He was honorary chairman of the Student 
4 Branch of the Society at Kansas State College from 1925 to 1932. 

* He was also a member of the Society for the Promotion of Engi- 
neering Education, was president of its Kansas-Nebraska Section in 
1930, and a member of its membership committee in 1928. He be- 
longed to the Kansas Engineering Society and served on its legislative 
committee in 1925, was faculty advisor of Sigma Tau, of which he 
was a member, and was advisory editor of the Kansas State Engineer. 
He was also a member of the masonic fraternity, Delta Upsilon, and 

_ the honorary fraternities, Phi Kappa Phi and Sigma Xi, as well as of 
_ a number of clubs. 


) ADAMS BURTON CHAMBERLAIN (1875-1934) 


Adams Burton Chamberlain, assistant superintendent of the Sta- 
tion Engineering Department of The Edison Electric Illuminating 
Company of Boston, died at his home in Wollaston, Mass., on Janu- 
ary 22, 1934. 

Mr. Chamberlain was born in LaCrosse, Wis., on April 1, 1875, the 
son of Eli and Mary L. (Porter) Chamberlain. At an early age he 
went to Newport, Vt., to live and was graduated from the St. Johns- 
‘bury Academy. After that he was successively employed by the 
Tremont and Suffolk Mills, Lowell, Mass., on cost and inspection 
work, by C. R. Makepeace, mill engineer, Providence, R. I., as a drafts- 
man, and by the New England Telephone & Telegraph Co. on con- 
struction work. 

In January, 1901, he entered the employ of The Edison Electric 
Illuminating Company of Boston in the Station Engineering Depart- 
ment, where he rose through various grades to the position he held 
at the time of his death. 

Mr. Chamberlain became a member of the A.S.M.E.in 1911. He 
was also a member of the Engineers Club of Boston and a 32d degree 
Mason. He is survived by his widow, L. Josephine Eaton, whom 
he married in 1903, and by a daughter, Kathryn. 


WALTON CLARK (1856-1934) 


Walton Clark, consulting engineer and former vice-president of 
the United Gas Improvement Company, Philadelphia, Pa., died in 
that city on July 30, 1934. He was the inventor of a process for the 
complete gasification of coal, and contributed to the development of 
processes for operating water-gas sets. He was the author of numer- 
ous scientific articles. 

From 1907 to 1924 he was president of The Franklin Institute and 
in 1926 the institute honored him with its first award of the Walton 
Clark Medal, for his ‘‘distinguished and outstanding contributions’”’ 
to the gas industry. At the time of the presentation of the award 
Dr. W. C. L. Eglin, president of the institute, said that Mr. Clark was 
“a pioneer in the association of physical and chemical laboratories 

\ with the development work of gas companies.”’ 

Mr. Clark was born in Utica, N. Y., on April 15, 1856, the son of 
Erastus and Frances (Beardsley) Clark. He attended the public 
schools of Utica until his seventeenth year, when he entered the ser- 
vice of the New Orleans Gas Company, where he served in various 
capacities until 1886. In 1883 he was temporarily assigned to the 
United Gas Improvement Company to complete the installation of a 
water-gas plant in New Orleans, work on which had been interrupted 
by a yellow fever epidemic. Mr. Clark was immune to the disease, 
and so was able to finish the installation, which would have been 
impossible for an unacclimated engineer. 

He served successively in gas companies in Jefferson City, La., and 
in Kansas City, and following the death of the assistant general su- 
perintendent of the United Gas Improvement Company, Mr. Clark 
was appointed, in August, 1888, to take his place. Six years later 
he was made general superintendent, a position which covered the 
duties of the chief engineer of the company and supervisor of the 
many enterprises under its control. He became a vice-president of 
the company in 1904 and held that office until he resigned from active 
duties in 1923. He had been consulting engineer to the company 
since then. 

In 1904 the honorary degree of Master of Engineering was con- 
ferred upon Mr. Clark by Stevens Institute of Technology, and in 
1911 he received the degree of Doctor of Science from the University 
of Pennsylvania. 

He was past-president (1906) of the American Gas Institute, of 
which he was one of the founders; became a member of the A.S.M.E. 
in 1890; and also belonged to the American Institute of Electrical 
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Engineers and the American Society of Mining and Metallurgical 
Engineers. He was chairman of the board of trustees of the Free 
Correspondence School for Gas Works Employees. 

He also was a member of the Society of the Cincinnati, the Society 
of the Founders and Patriots of America, and the Sigma Psi frater- 
nity. His clubs included the Engineers’ Club, New York, and in 
Philadelphia the Engineers, Union League, University, and a number 
of country and athletic clubs. His home was at Chestnut Hill, Pa. 

Mr. Clark in 1880 married Miss Alice M. Shaw, of Natchez, Miss., 
who died in 1882. In 1885 he married Miss Louise Beauvais, of New 
Orleans. Surviving him, in addition to Mrs. Clark, are Frank Shaw 
Clark, a son by his first marriage; and three sons and one daughter 
by his second marriage, Walton, Jr., Theobald Forstall, Beauvais, 
and Darthela Clark. 


WILLIAM JAY COFFIN (1875-1934) 


William Jay Coffin, connected with the New York State Depart- 
ment of Public Works since 1922, died at Wethersfield, Connecticut, 
on June 14, 1934, after several months’ illness. 

Mr. Coffin was born in Albany, N. Y., on December 20, 1875, the 
son of William Latham and Anna McHarg Coffin. He received his 
M.E.E. degree from Cornell University in 1898 and immediately be- 
gan work as electrical repairman in the Signal Department of the 
New York Central Railroad, Albany. He was connected with this 
railroad, in various capacities, until 1914. He served an apprentice- 
ship in the Motive Power Department in 1900 and 1901 and worked 
in that department successively as stationary engineer, roundhouse 
foreman, and mechanical foreman at Albany until 1909. He was 
then sent to the general manager’s office in New York, N. Y., to take 
charge of locomotive tests and tonnage rating. After several months 
in that work he was made assistant to the superintendent of motive 
power of the Western Division, investigating mechanical problems in 
shops and on the road. In April, 1910, he was appointed assistant 
engineer in the president’s office in New York, where he remained 
until 1914, making technical investigations dealing with locomotive 
operation and tonnage rating for the entire New York Central system. 

In January, 1914, Mr. Coffin was appointed first deputy commis- 
sioner of Public Works and he served the City of Albany in that 
capacity until January, 1922, having charge of the adaptation of 
motor apparatus to municipal work and establishing repair facilities. 
He entered the employ of the New York State Department of Public 
Works as Fleet Commander in March, 1922, in charge of floating 
equipment on the state barge canal, including tugs and dredges; he 
also supervised dredging work and wrecking operations. He was 
made assistant civil engineer in February, 1923, and continued in that 
capacity until his death. He was assigned to the division of highways 
of District No. 1, and had charge of several highway construction 
projects. 

Mr. Coffin became a member of the A.S.M.E. in 1923. He also 
belonged to the masonic fraternity. He is survived by a sister, 
Helen Coffin, of Hartford, Conn., and by a daughter, Lois Lilian 
Coffin, of Brooklyn, N. Y. His wife, Selora (Gaskill) Coffin, died 
in 1922, 


SAMUEL DUNLAP COLLETT (1868-1933) 


Samuel Dunlap Collett, whose death occurred on December 26, 
1933, was born on October 25, 1868, at Newport, Ind. He attended 
the public schools there and secured his B.S. and M.S. degrees at 
Rose Polytechnic Institute, where he studied mechanical, electrical, 
and civil engineering. 

Before completing his college work Mr. Collett worked for a short 
period as a surveyor on the Chicago, Evansville & Chattanooga Ry., 
took a training course in the factory of the Thomson-Houston Electric 
Company, and worked in the Boston and Pittsburgh offices of that 
company. 

In the fall of 1895 Mr. Collett entered the employ of the Metro- 
politan Telephone & Telegraph Co. (now the New York Telephone 
Company) as engineer in the construction department and for two 
years was in charge of the interior block department and under- 
ground cable work. He then took the position of eastern manager 
of the Elevator Supply & Repair Co., New York, of which he later 
became vice-president. He was associated with the company until 
1920, and from then until his retirement in 1925 was with the Eleva- 
tor Supplies Co., Inc., Hoboken, N. J. 

Mr. Collett had been a member of the A.S.M.E. since 1902. He 
was also a member of the American Institute of Electrical Engineers. 


ERNEST HARRY CORNELIUS (1890-1934) 


Ernest Harry Cornelius, president of the Oklahoma Steel Castings 
Company, Tulsa, Okla., died in Cleveland, Ohio, on May 8, 1934, 
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from complications following an operation for appendicitis. The 
son of Harry B. and Georgiana (Phillips) Cornelius, he was born on 
October 28, 1890, at Hastings, Neb., and received his early education 
there. He entered Northwestern University, at Evanston, IIl., at 
the age of 17, but because of an injury sustained in a fall during his 
junior year, he was obliged to leave college. After spending about 
a year and a half in California, he returned to Nebraska and entered 
the state university at Lincoln, from which he was graduated with a 
B.S. degree in 1913. 

Following his graduation Mr. Cornelius engaged for a time in sales 
work for the Jacques Steel Company, in northern Texas. During 
the first part of 1914 he assisted in appraisal work in Kansas City 
and then took a position with the Metropolitan Street Railway in 
that city inspecting construction of new trackage and rehabilitation 
of existing lines. He also made special designs for cars and did other 
drafting work, remaining with the company for about two years. He 
spent part of 1916 with the Kansas City Southern Railway Com- 
pany, as assistant to the bridge engineer. He then moved to Tulsa, 
and during the next two years was connected with the Oklahoma 
Structural Steel Company, subsidiary of the Oklahoma Iron Works, 
as chief engineer and sales manager the greater part of the time. 

In January, 1918, Mr. Cornelius began private practice in the de- 
sign and construction of steel structures, chiefly for the oil industry. 
This business was incorporated as the Industrial Construction Com- 
pany two years later, with Mr. Cornelius as president. In 1922 he 
also organized the Oklahoma Steel Castings Company, which he had 
since served as president, greatly developing the size of the plant and 
extending the territory it serves. 

Mr. Cornelius took a keen interest in civic affairs and the develop- 
ment of industry in Oklahoma. He was a past-president and for 
some years had been a director of the Associated Industries of Okla- 
homa. He had also served as president of the Public Welfare Society 
of Tulsa, director of the Tulsa Community Fund and the Tulsa 
Chamber of Commerce, member of the Board of Trustees of the Uni- 
versity of Tulsa, president of the Rotary Club in Tulsa, and Member 
of the Board of Trustees and chairman of the Financial Committee of 
the Boston Avenue Methodist Episcopal Church. Just previous to 
his illness he had been appointed to the NRA Code Authority for the 
steel-castings industry. 

Mr. Cornelius became a member of the A.S.M.E. in 1927 and was a 
former director of the American Iron and Steel Institute. He be- 
longed to Sigma Nu and the masonic fraternities, and to the Tulsa 
Club and Tulsa Country Club. 

In addition to all these activities he found time to take up flying, 
first as a hobby and later as a means of transportation for business 
trips. 

Mr. Cornelius is survived by three children, Marjorie Ann and 
Ernest H. Cornelius, Jr., and Mrs. Virginia (Cornelius) Eby. His 
wife, Virginia Moseley, whom he married in Lincoln, Neb., in 1914, 
died in 1923. 


ALBERT NELSON CRAMER (1883-1934) 


Albert Nelson Cramer, whose death occurred on June 21, 1934, 
was born in Philadelphia, Pa., on March 27, 1883, the son of Harry 
Howell and Fannie H. (Slack) Cramer. After attending the Manual 
Training School in Philadelphia for three years, he entered the em- 
ploy of the Baldwin Locomotive Works there, and for five years 
worked on detail drawings for the company. He subsequently spent 
a year and a half each in similar work for the Link-Belt Engineering 
Company, Nicetown, Pa., and W. E. Hamilton, Columbus, Ohio, 
and about six months with the Schoen Steel Wheel Company, Phila- 
delphia. In 1908 and 1909 he was engaged in field engineering for 
P. A. Kley, Philadelphia, and layout work for the Jeffrey Manufac- 
turing Company, Columbus. 

During the next ten years Mr. Cramer was designer in charge of 
experimental development and construction for the Federal Glass 
Company, Columbus. He then went to Toledo, Ohio, to take the 
position of assistant engineer, in charge of special engineering de- 
velopment, with the Owens Bottle Company. He left there in the 
spring of 1929 and spent the next two years as assistant engineer in the 
research department of the American Optical Company, South- 
bridge, Mass. 

Since July, 1931, Mr. Cramer had devoted all his time to develop- 
ing inventions of his own. Prior to that date he had already taken 
out more than twenty patents on glass-making machinery, including 
blowing, molding, and cutting machines, feeders, and handling ap- 
paratus. Subsequently he developed additional equipment for the 
glags industry, including a number of machines for forming tumblers 
and hollow glass articles, patents on some of which were pending at 
the time of his death. 

Mr. Cramer became a member of the A.S.M.E. in 1929 and was 
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active in the masonic fraternity in both Columbus and Toledo. He 
is survived by his widow, Mrs. Alice P. (Bietsch) Cramer, and by a 
daughter, Elizabeth B. Cramer. 


RALPH CROOKER (1854-1934) 


Ralph Crooker, a member of the A.S.M.E. since 1890, died at his 
home in Acton, Mass., on June 2, 1934. He is survived by his widow, 
Louise C. (Little) Crooker, whom he married in 1905. 

Ralph Crooker (3d) was born in South Boston on December 25, 
1854, the son of Ralph and Ann A. (Bailey) Crooker. He was gradua- 
ted from the English High School of Boston with the class of 1872, 
and had always kept in touch with the members of that class through 
its annual reunion dinners in Boston. 

At the age of eighteen he entered training as a draftsman at the 
Bay State Iron Works, Boston, under the direction of his grand- 
father, who was a member of the firm and superintendent of the works. 
He remained with that company until 1879, when he went to Spring- 
field, Ill., where he spent about six months with the Springfield Iron 
Company. From 1880 to 1884 he served as engineer and superin- 
tendent with the Colorado Coal & Iron Co. 

In 1885 Mr. Crooker entered the employ of the Jones & Laughlin 
Steel Co., Pittsburgh, Pa., and between then and 1907 he spent the 
greater part of his time with that company, the last period being from 
about 1903 to the latter part of 1907. His other connections were 
with the Bessemer Works of the Springfield Iron Company in 1887 
and 1888, with the Johnson Company, Lorain, Ohio, during part of 
1894, and with the Lorain Steel Company, about 1900. 

He had made his home in Acton since 1907 and had not been ac- 
tive in business except for a little consulting work and a few months 
in 1919 making alterations in piping for T.N.T. for Mackintosh- 
Hemphill & Co., Pittsburgh. His chief pastime during his latter 
years was the study of maps and of plans for ocean liners and boats. 
He also liked to study the rock formations and wild life in the woods 
near his home. 

Mr. Crooker was a Legion of Honor member of the American 
Institute of Mining and Metallurgical Engineers and also belonged to 
the Engineers’ Society of Western Pennsylvania, 


FRANK GARFIELD CUTLER (1881-1934) 


Frank Garfield Cutler, of Birmingham, Ala., died on June 17, 1934, 
at the Manhattan Eye, Ear and Throat Hospital, New York, N. Y., 
of complications following a mastoid operation. 

Mr. Cutler was born on May 13, 1881, at Fort Scott, Kan., the son 
of Samuel and Ella B. (Dickerson) Cutler. He studied manual 
training in Louisville, Ky., and then entered the University of Ken- 
tucky, from which he received his Bachelor’s degree in mechanical 
engineering in 1901, and the degree of Mechanical Engineer three 
years later. He was graduated with highest honors and in 1902, 
when the honorary engineering fraternity, Tau Beta Pi, was organ- 
ized there, he was made a member. 

Immediately upon leaving college in 1901 Mr. Cutler went to 
Chicago to become assistant in the steam engineering department at 
the South Works of the Illinois Steel Company. He remained in that 
position until the fall of 1906, then took charge of the steam engineer- 
ing department of the Ensley Division of the Tennessee Coal, Iron & 
Railroad Co. He was made chief of the Bureau of Steam Engineer- 
ing of the company in 1914 and held that position until his death. 

Mr. Cutler was considered an authority on steam power-plant de- 
sign and construction and especially its application to steel mills. 
In 1928 he completed studies for and wrote a paper on ‘‘Combination 
Firing of Blast-Furnace Gas and Pulverized Coal,’’ which was pre- 
sented at the Semi-Annual Meeting of the A.S.M.E. in Pittsburgh 
in May of that year.!_ These studies were carried on as new boilers 
and equipment were put in at the mill, and continued practically up 
to his death. 

Mr. Cutler became a member of the A.S.M.E. in 1914 and had 
served several years on the Executive Committee of the Birmingham 
Section of the Society, being chairman in 1921. He was secretary 
in 1917-1918 and president in 1921 of the Alabama Technical Asso- 
ciation, and in 1922 was vice-chairman of the Association of Iron and 
Steel Electrical Engineers. He had also served as chairman of the 
Jefferson County Orphans Home Association and as a director of the 
Ensley Rotary Club and a member of the board of governors of the 
Woodward Gold Club. His hobbies were golf and contract bridge, 
and especially long automobile trips in both the North and South. 
He is survived by his widow, the former Blanche B. Duffy, of Chicago, 
whom he married in 1909, and by three children, Mary E., Samuel 
M., and Grace L. Cutler. 


1 Trans. A.S.M.E., 
102-106. 


vol. 49-50, 1927-1928, FSP-50-35, pp. 


SOCIETY RECORDS 


ORTON GOODWIN DALE (1870-1934) 


Orton Goodwin Dale was drowned in Barnegat Bay on February 
18, 1934, when ice broke beneath him as he was walking on the bay 
near his summer home at Mantoloking, N. J. Mr. Dale was con- 
sulting engineer to the Texas Gulf Sulphur Company, of New York, 
and a director of the New York & New Jersey Steamboat Company. 
He is survived by his widow, the former Miss Amy Slade, of Trenton, 

’ N. J., whom he married in 1896, and by a daughter, Mrs. D. R. 
Abbes, of Burlingame, Calif., and two sons, F. Slade Dale, yachtsman, 
Bay Head, N. J., and Orton G. Dale, Jr., vice-president of Bowne & 
Co., financial printers, New York. 

Mr. Dale was born in Helensburgh, Scotland, on November 8, 
1870, but had lived in the United States since he was ten years old. 
He was graduated from the Stevens Institute of Technology in 1893 
and spent the following year in the drawing room of the National 


4 Sugar Refining Company, Yonkers, N. Y. He then became New 
’ York manager of the Mead-Morrison Manufacturing Company. 


In 
‘ 1918 he was connected with the Singer Manufacturing Company, 
Elizabeth, N. J., and for the next two years was assistant chief engi- 
neer of the American International Shipbuilding Corporation, 
, Philadelphia, Pa. He had been with the Texas Gulf Sulphur Com- 


pany since that time. 


) 


Mr. Dale resided in Plainfield, N. J., for some years, but moved to 
New York in 1916. It was his custom to spend the weekends at his 
Mantoloking home and he had recently been elected to the Mantolo- 

' king Borough Council. He became a junior member of the A.S.M.E. 
in 1894 and was promoted to the grade of member in 1909. He 
was appointed a member of the Committee on Publications of the 
Society in 1922 and served as its chairman in 1925 and vice-chairman 
the following year. 


CYRUS EATON DAVISON (1890-1934) 


Cyrus Eaton Davison, formerly chief research engineer for Martin 
Motors, Inc., New York, N. Y., died on March 8, 1934, after a year’s 
illness. He is survived by his widow, Anna R. (Tong) Davison, 
whom he married in 1918, and by a son, Robert C., and daughter, 
Ruth B. Davison, residing at Stapleton, S. I., N. Y. 

Mr. Davison was born at Huntsport, Nova Scotia, Canada, on 
August 26, 1890, the son of Cyrus C. and Laura (Eaton) Davison. 
He attended the Huntsport High School and at the age of twenty- 
one entered the employ of the Southern Pacific Company. He served 
as assistant engineer and chief engineer on various ships of that com- 


pany until December, 1917. He then entered the United States 


} 


Navy as an engineer officer, with the grade of lieutenant, serving, 
during the next year and a half, aboard the U.S.S. Lakewood and 
U.S.S. Montclair. During the summer of 1919 he was connected with 
the United States Shipping Board in the capacity of assistant ma- 


_chinery inspector and chief machinery inspector, supervising the 


installation of boilers, turbines, and reciprocating engines, and all 


; 


_ Shipbuilding Company for the Emergency Fleet Corporation. 


1926 and a member three years later. 


other mechanical equipment on ships being built by the Federal 
He 
was graduated from the Naval Turbine School at Carnegie Institute 
jof Technology, Pittsburgh, Pa., in 1919. 

In the fall of 1919 Mr. Davison took charge of the Educational 
Department of the Ocean Association of Marine Engineers, of which 
he was a member, and was instructor of its engineering classes for 
three years. During the following year he was assistant engineer 
for the French Company, directing the operation and repair of turbo- 
-generators and electric motors. 

Mr. Davison again became an instructor in marine engineering in 
July, 1923, when he took the position of chief engineer and senior 

engineering instructor at the New York State Nautical School, New 
“York, N. Y. He continued in that work until January, 1926, then 
‘spent two years as assistant superintendent of buildings and grounds 


, at Columbia University. He had been with Martin Motors, Inc., 


since that time, located at the research laboratory in East Rutherford, 
N. J., at first. He was engaged in the design and construction of 


| internal-combustion engines for test purposes, and in running power 


sand efficiency tests. . 
Mr. Davison became an associate-member of the A.S.M.E. in 
He also belonged to the ma- 


-sonic fraternity. 


WILLIAM EDWARD DEAN, JR. (1888-1933) 


William Edward Dean, Jr., who died of pneumonia at Hamilton 
Ontario, Canada, on December 11, 1933, was a native of Minneapolis 
‘Minn., where he was born on June 12, 1888. His parents were Wil- 
liam Edward and Elmina (Clapp) Dean. He attended grammar and 
high school at Los Angeles, Calif., and then served a four-year ap- 


§ 
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prenticeship with the Southern Pacific Company, of that city. In 
1910 he entered the University of California, from which he was 
graduated with a B.S. degree in mechanical engineering in 1914. 
During his summer vacations he did drafting-room and testing-lab- 
oratory work. 

Immediately following his graduation Mr. Dean took a position in 
the Engineering Department of the Westinghouse Air Brake Com- 
pany, Wilmerding, Pa., and in the fall of that year was made personal 
assistant to the manager of engineering, to work on the design, manu- 
facture, and performance of air brakes and related devices, such as. 
automatic train control. 

In August, 1917, Mr. Dean entered the Second Officers Training: 
Camp at Fort Oglethorpe, Ga. He was commissioned second lieu- 
tenant in the Signal Reserve Corps, Aviation Section, and served! 
five months at Park Field, Tenn., and five at Langley Field, Va., as. 
engineer officer in charge of installation and operation of machine, 
motor-repair, and blacksmith shops. He was then promoted to first. 
lieutenant in the Air Service and until January, 1919, was stationed 
at Washington, D. C., in the engine and plane maintenance branch 
of the service. 

Upon his return to civilian life, Mr. Dean was made assistant engi- 
neer of tests by the Westinghouse Air Brake Company, continuing to. 
carry on research on air brakes. Early in 1921 he was sent to Kings- 
ton, Jamaica, on special consulting work for the Jamaica Govern- 
ment Railways. Upon his return he was appointed engineer of tests, 
and at the beginning of 1926 assistant chief engineer in charge of 
tests and inspection. 

At the close of 1928 Mr. Dean was appointed chief engineer of the 
Westinghouse Brake Company of Australasia Ltd., and for several 
years was located in New South Wales, Australia. In August, 1932, 
he was transferred to the position of chief air-brake engineer of the 
Canadian Westinghouse Co. Ltd., at Hamilton, Canada, the position 
he held at the time of his death. 

Mr. Dean became a junior member of the A.S.M.H. in 1921 and a. 
member four years later. He also belonged to the Air Brake Asso-— 
ciation and to the honorary fraternities, Tau Beta Pi and Sigma Xi. 
He had patented many air-brake system devices. 

Surviving Mr. Dean are his widow, Doris (Brown) Dean, whom he 
married in 1923, and three sons, Frederick Brown, William Corner,,. 
and Robert Stanley Dean. 


GEORGE PASS DEHAVEN (1886-1934) 


George Pass DeHaven, son of William Henry and Margaret M. 
(Pass) DeHaven, both descendants of old Pennsylvania families, was. 
born at Harrisburg, Pa., on September 3, 1886. His early education 
was secured in the schools of that city. After his graduation from 
high school there he studied for two years at the Stevens Institute of 
Technology, Hoboken, N. J., and two years at Drexel Institute, in 
Philadelphia. He then entered the employ of the Pennsylvania 
Steel Company, at Steelton, where he spent a year each in the pattern 
and machine shops, and about six months each in the iron and steel 
foundries. 

In January, 1914, he took a position in the engineering depart- 
ment of the Bethlehem Steel Corporation, Steelton, where he re- 
mained for four years, working on the design of rolling mill ma- 
chinery. From then until the summer of 1923 he was connected with 
the Harrisburg Foundry and Machine Works, spending four years on 
the design, testing, and preparing specifications and estimates for 
steam engines, then serving successively as assistant purchasing 
agent, assistant works manager, and production manager. 

He was next employed for about a year as designer and checker 
for the Koppers Company, Pittsburgh, working on gas producers and 
machinery for operating them, and during the winter of 1924-1925 
designed rolling-mill machinery for the Birdsboro Steel Foundry & 
Machine Co., Birdsboro, Pa. He then became assistant chief engi- 
neer for the Taylor-Wilson Manufacturing Company, McKees Rocks, 
Pa., with which he remained until he was appointed chief engineer, 
General and Maintenance Employees, of the Bureau of Public 
Grounds and Buildings of the Commonwealth of Pennsylvania. He 
subsequently was made superintendent of the Bureau of Mainte- 
nance of Public Grounds and Buildings, the position he held at the 
time of his death, which occurred on February 19, 1934, at his home 
in Harrisburg. 

Mr. DeHaven became an associate-member of the A.S.M.E. in 
1926 and in that year he also took some courses in the shaping of 
steel and roll pass design at the Carnegie Institute of Technology. 
He had served as corporal and quartermaster sergeant on the Goy- 
ernor’s Troop of the Pennsylvania National Guard and belonged to 
the masonic fraternity and the Elks. He is survived by his widow, 
Margaret M. (Edwards) DeHaven, whom he married in 1906, and 
by their son, Charles A. DeHaven. 
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EDWARD H. J. DILLON (1887-1934) 


Edward H. J. Dillon, who died in Philadelphia, Pa., on March 28, 
1934, was born in Brooklyn, N. Y., on April 15, 1887, the son of John 
and Anna (Mohan) Dillon. He attended the public and high 
schools there, and subsequently studied for two years at Brooklyn 
Polytechnic Institute and St. John’s University, Brooklyn. 

At the age of seventeen Mr. Dillon entered the employ of the Gris- 
com-Russell Company, of Philadelphia, marine and stationary power 
plant engineers and manufacturers, and had spent his entire profes- 
sional life with that company, rising to the position of manager of 
the Philadelphia office. 

Mr. Dillon became an associate of the A.S.M.E. in 1920 and be- 
longed to the Knights of Columbus. He is survived by his widow, 
Margaret Dillon, whom he married in 1915. 


FRED DOEPKE (1862-1934) 


Fred Doepke, founder and president of the Wrought Washer Manu- 
facturing Company, Milwaukee, Wis., died in Los Angeles, Calif., 
on April 23, 1934, after having been in failing health for several 
years. Mr. Doepke became a member of the A.S.M.E. in 1922 and 
since 1926 had served as secretary of the Sectional Committee on the 
Standardization of Plain and Lock Washers, for which the A.S.M.E. 
and the Society of Automotive Engineers are joint sponsors. He was 
also a past vice-president of the Engineering Society of Milwaukee 
and belonged to a number of social clubs in Milwaukee and vicinity. 

Mr. Doepke was born at Rockford, Ill., on March 28, 1862, the 
son of Gotlieb and Bertha (Smith) Doepke. The family later moved 
to Milwaukee and he attended school there from 1879 to 1883, at the 
same time serving an apprenticeship in the machine shops of the old 
Filer & Stowell Co. After working for a time in 1883 in machine 
shops in Cleveland, Ohio, he went to New York, where he studied at 
Cooper Union nights and was employed by E. W. Bliss Co., the North 
River Iron Works, and the Freeland Tool Works. Subsequently he 
went to Philadelphia, where he likewise studied evenings, taking 
courses offered by The Franklin Institute, and worked in the daytime. 

During these years Mr. Doepke became interested in automatic 
machinery and conceived the idea of automatic washer-making 
machinery. He returned to Milwaukee in 1885 and started in busi- 
ness with A. J. Read. The Wrought Washer Manufacturing Com- 
pany was founded about 1887 and he served as vice-president of the 
company until 1910, when he became its president. He not only de- 
signed and built the plant itself, but also practically all of its special 
machinery. Under his guidance the plant became one of the largest 
in the world devoted to the production of washers. 

Mr. Doepke had traveled extensively, visiting many foreign coun- 
tries, and was widely known in engineering circles and throughout 
the metal industries. For some years prior to his death he had made 
his home in St. Petersburg, Fla. He is survived by his widow, 
Anna M. (Disch) Doepke, whom he married in 1892, and by one son, 
Fred C. Doepke, of Milwaukee. 


ROSCOE IRVING DUNTEN (1888-1934) 


Roscoe Irving Dunten, whose death occurred on June 17, 1934, 
was born at Calcium, N. Y., on April 13, 1888, the son of Milton 
Thomas and Anna Elizabeth Dunten. To supplement his high- 
school education he took courses in steam and electrical engineering 
through the International Correspondence School, completing these 
studies in 1907. He then secured work as assistant at the steam 
power plant of the St. Regis Paper Co. at Deferiet, N. Y., where he 
remained for two years, part of the time being chief engineer. 

From 1909 to 1912 Mr. Dunten was in charge of the steam-electric 
power plant of the Delaware & Hudson R. R. Co. at Oneonta, N. Y., 
and during the next year directed the operation and maintenance of 
an 80-ton ice-making plant of the Tampa Ice Company, at Palmetto, 
Fla. 

In 1913 the Southern Utilities Company, of Palatka, Fla., engaged 
Mr. Dunten as engineer in its electric plant at Bradentown, Fla. 
After three years there he was transferred to the combined ice and 
electric plant at West Palm Beach as chief engineer. Something 
over two years later he was made supervising engineer of all of the 
company’s properties, consisting of more than twenty plants located 
at different points in Florida and Georgia. He remained with the 
company until the latter part of 1921, his work including not only 
the supervision of existing plants but also the design, layout, and 
erection of new plants and research on burning oil fuel under power 
boilers, 

During the next seven years Mr. Dunten was vice-president and 
general manager of the San Juan Ice and Refrigeration Company, in 
Porto Rico. He directed the reconstruction and enlargement of the 
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company’s plant at San Juan, greatly increasing the output and re- 
ducing fuel consumption. He returned to Florida in 1928 to become 
manager of the Caribbean Division of Pan-American Airways, Inc., 
with headquarters at Miami, and held that position at the time of his 
death. 

Mr. Dunten joined the A.S.M.E. with the grade of associate- 
member in 1921 and was promoted to full membership three years 
later. He was Rear Commodore of the Biscayne Yacht Club and a 
member of the masonic fraternity. He is survived by his widow, 
Luvenia M. (Wood) Dunten, whom he married in 1909, and by a 
daughter, Florence A. (Dunten) Foster. 


GEORGE C, FARKELL (1872-1934) 


George C. Farkell, superintendent of the rail and blooming mills, 
at the Lorain, Ohio, works of the National Tube Company, died at 
St. Joseph’s Hospital in that city of pneumonia on October 22, 1934. 
He had been connected with the Lorain Works since early in 1905, 
when he became assistant superintendent of the skelp mills. The 
following year he was advanced to the position of superintendent of 
the skelp mills, and in 1907 was made superintendent of the rail and 
mechanical departments of the works. He held this position for ten 
years, then was superintendent of the rolling mills until April, 1934, 
when he was further promoted to the position he held at the time of 
his death. 

Mr. Farkell was born on January 12, 1872, at Canajoharie, Mont- 
gomery County, N. Y., the son of John and Catherine Farkell. He 
was graduated in 1887 from the local high school and entered Cornell 
University from which he was graduated in 1892 with an M.E. degree 
in electrical engineering. While at Cornell he was elected to member- 
ship in the honorary scientific fraternity, Sigma Xi. 

For two years after leaving college Mr. Farkell was engaged in 
electrical construction work for H. Ward Leonard & Co., New York, 
and from then until the end of 1895 was on the staff of the Physical 
Testing Laboratory of the Lukens Iron & Steel Co., Coatesville, Pa. 
During the next five years he was assistant engineer with the United 
States Revenue Cutter Service, for three years of that period assist- 
ant to the engineer-in-chief detailed for inspection duty and for 
engineering work in connection with the construction of steam ma- 
chinery for new revenue cutters. 

Mr. Farkell became assistant chief inspector of the Homestead 
Steel Works of the Carnegie Steel Company in January, 1901. In 
October of that year he was made assistant to the superintendent of 
the 128-in. plate mill, the 42-in. universal, and the 30-in. slabbing 
mill of the Homestead works, where he remained until May, 1904. 
Between then and his connection with the Lorain Works, he held the 
position of assistant superintendent of the slabbing, plate, rail, and 
structural mills of the Lackawanna Steel Company, Buffalo, N. Y. 

Mr. Farkell contributed greatly to the development of rolling- 
mill practice and held patents on a manipulator used in handling 
rolled-metal shapes; a speed-controlling apparatus for electrically 
driven rolling mills (joint patent with Edwin S. Lammers); a method 
of rolling T-shaped rails; and a device for tightening nuts on screw- 
threaded ends of bolts. 

Mr. Farkell had been a member of the A.S.M.E. since 1913. He 
also belonged to the American Society for the Advancement of 
Science, the American Iron and Steel Institute, and the masonic 
fraternity. He was very active in community affairs in Lorain. 
He was one of the founders of the local Red Cross chapter and served 
on its executive committee from 1917 to the time of his death, part 
of the time as chairman. He had been a member of the board of 
directors of the Lorain Y.M.C.A. since 1925 and was chairman of the 
committee which had charge of erecting a new Y.M.C.A. build- 
ing. He was a member of the board of directors of the Lorain Com- 
munity Fund during the last five years of his life. In recognition 
of these services he was selected in 1933 for the Lorain Journal Achieve- 
ment Award, as the citizen who during the year had performed the 
most noteworthy service to the community. 

Radio construction was his special hobby and golf his favorite 
pastime. 

His widow, the former Miss Ouida E. Pease, whom he married in 
1909, survives him. 


THOMAS FARMER (1852-1934) 


Thomas Farmer, a member of the A.S.M.E. since 1891, died of 
pheumonia at the United Hospital in Portchester, N. Y., on Novem- 
ber 6, 1934. He is survived by his widow, formerly Miss Maud H. 
White, whom he married in 1879, and by a daughter, Elizabeth G. 
(Farmer) Kelsey, and a son, Thomas, the fourth in line to bear that 
name. 

Mr. Farmer was born in Boston, Mass., on October 12, 1852, his 
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mother being Henrietta B. (Cobb) Farmer. After his graduation 
from high school in Roxbury in 1869 he learned the machinist’s 
trade at the shops of A. Leitelt Co. in Grand Rapids, Mich. He 
spent three and a half years there, then went to Aurora, IIl., where he 
worked in the locomotive shops of the Chicago, Burlington & Quincy 
R.R. He next returned East, working for a time on erecting for the 
Providence Machine Company. During these years he studied 
drawing and other engineering subjects. 

In 1874 he returned to Grand Rapids, where he obtained the posi- 
tion of superintendent of the city water works, which he held for 
five years, resigning to go into business for himself. Owing to lack 
of capital his venture was not successful and he went to Chicago, 
where he was employed for a time as tool saleman. He did not find 
this work congenial, however, and took a position as general super- 
intendent of the Somersworth Western Manufacturing Company of 
Bloomington, Ill. During two years spent with this company he 
built new shops and designed special tools. He resigned that position 
to become superintendent of the Detroit Radiator Company (which 
later became a part of the American Radiator Corporation). He 
directed the laying out and building of a new plant and had charge 
of the design of new tools and the operation of all departments of the 
plant. 

Mr. Farmer’s next connection was with the Russel Wheel & Foun- 
dry Co. of Detroit, for which he built a new plant and served as its 
superintendent for a time. About 1894 he became chief engineer of 
the Detroit Citizens Railway, with which he remained for nine years. 
From Detroit he went to Cleveland, Ohio, where he was associated 
for ten months with the Kuhlman Car Company. He then opened 
an office for consulting work in the street-railway field. He gave 
this up to rebuild and electrify the plant of the United States Heater 
Company (subsequently known as the United States Radiator Cor- 
poration) in Detroit, after which he became sales manager of the 
Detroit office of the Warner & Swasey Co. He spent nine years in 
that capacity, prior to becoming manager of the Detroit office of 
Manning, Maxwell & Moore, Inc. He had not been active in busi- 
ness since 1925. 
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EDWIN E. A. FISHER (1870-1934) 


Edwin E. A. Fisher was born in Providence, R. I., on August 31, 
1870, the son of James Potter and Caroline Martha (Butts) Fisher. 
He attended Cooper Union, New York, then entered Cornell Uni- 
versity, from which he was graduated in 1891 with an M.E. degree. 
He specialized in electrical engineering during his senior year and his 
first position after graduation was with the Field Engineering Com- 
pany, working on the installation of an electric railway between 
Paterson and Passaic, N. J. After a year in that connection he went 
to Lynn, Mass., to take a course at the General Electric Company 
works there. In 1893-1894 he engaged in electric-railway installation 
for the Union Railway Company, Providence, R. I., and the follow- 
ing year was instructor in physics and electrical engineering at Le- 
high University. 

From 1895 to 1912 Mr. Fisher was located the greater part of the 
time outside the United States. He studied physics, chemistry, and 
mathematics for a year at the University at Géttingen, Germany, 

\after which he was located in England and Canada. For ten years 
beginning in 1901 he was connected with the Bureau of Education in 
the Philippine Islands, as division superintendent of schools, superin- 
tendent of the Philippine School of Arts and Trades, and acting 
assistant director of education in charge of schoolhouse construction 
in the Philippines, and devised the unit system for schoolhouses 
there. He next spent a year as assistant commissioner of the interior 
of Porto Rico. 

Since his return from Porto Rico Mr. Fisher had been engaged in 
technical and statistical research in relation to life insurance. He 
was in the statistician’s department of the Prudential Insurance 
Company, Newark, N. J., from 1912 to 1921 and since then, until his 
death on March 3, 1934, had been in the risk classification department 
of the John Hancock Mutual Life Insurance Company, Boston, Mass. 

Mr. Fisher became a member of the A.S.M.E. in 1922 and also be- 
longed to the American Statistical Association, American Association 
for the Advancement of Science, and Boston Life Underwriters As- 
sociation. He was vice-president and director of Fisher & Thomp- 
son, Inc., New York. In Dover, Mass., where he made his home, he 
was treasurer of the First Parish of Dover and vice-president of 
the Dover Historical and Natural History Society. He married 
Sophie L. Armington, of Providence, in 1907, and is survived by 
her and by three sons and a daughter. 


STANLEY GRISWOLD FLAGG (1860-1934) 


Stanley Griswold Flagg, president of Stanley G. Flagg & Co., 
Philadelpha, Pa., died of a heart attack on March 14, 1934, just a 
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week after the death of his wife, Elizabeth (Windrim) Flagg. He is 
survived by his son, Stanley Griswold Flagg, 3rd, of Philadelphia, 
and his daughter, Mrs. Edward S. Nugent-Head, of London. 

Mr. Flagg was born in Philadelphia on January 21, 1860. His 
mother was Adelaide (Gordon) Flagg and his father Stanley Griswold 
Flagg, founder of the company, which manufactures malleable-iron, 
cast-iron, and brass fittings, brass valves, and specialties. He learned 
the business under his father and succeeded him to the presidency of 
the company. 

Mr. Flagg was one of the early advocates of standardization in the 
valve and fittings industry. As amember of the A.S.M.E., which he 
joined in 1891 and of which he was a manager for the term 1910-1913, 
he was appointed a representative on the American Engineering 
Standards Committee soon after its formation in 1918. He continued 
to serve on that body, later reorganized as the American Standards 
Association, until 1930. 

For some years prior to the formation of the A.E.S.C. he served on 
special A.S.M.E. committees on pipe and screw threads. He repre- 
sented the Society on the Sectional Committee on Standardization 
and Unification of Screw Threads from the time of its organization in 
1921 until 1930, and was also the Society’s representative on the Sec- 
tional Committee on Pipe Threads. He also represented the Manu- 
facturers Standardization Society of the Valve and Fittings Industry 
on the Sectional Committee on Pipe Flanges and Fittings. 

He was a most active worker on these and other committees to 
which he was appointed by the various technical organizations to 
which he belonged, losing no opportunity to cooperate in the sound 
development of the industry as a whole. He made frequent trips 
abroad, promoting standardization at international conferences and 
through his many personal contacts. 

Mr. Flagg was a past-president of the American Foundrymen’s 
Association and a member of the American Institute of Mining and 
Metallurgical Engineers, the American Society for Testing Materials, 
and the Iron and Steel Institute. He had also served as president of 
the Pennsylvania Society of Sons of the Revolution, vice-president 
of the General Society of the Sons of the Revolution, and treasurer 
of the Society of Colonial Wars in the Commonwealth of Pennsyl- 
vania. One of his pastimes was the collecting of rare books. 


WILLIAM FRAY (1865-1934) 


William Fray, who died at the Bridgeport (Conn.) Hospital, on 
July 22, 1934, after a two years’ illness, was born at Cornwall, En- 
gland, on July 2, 1865, the son of Samuel and Emma (Sweet) Fray. 
He came to the United States as a boy and attended the Bridgeport 
public schools. At the age of sixteen he was apprenticed to the ma- 
chinist and toolmaking trade and he worked up in that field, studying 
mechanical drawing, mathematics, and other subjects evenings, until 
he became assistant foreman at the Farrel Foundry & Machine Co., 
Waterbury, Conn., in 1890, and foreman two years later. 

He resigned in 1900 to take the position of superintendent of the 
wire mill of the Benedict & Burnham Manufacturing Co., Waterbury, 
with which he remained four years. He then became production 
superintendent for John 8S. Fray & Co., Bridgeport, manufacturers 
of small tools for mechanics. He was there until 1910 when he be- 
came superintendent of the Standard Brass & Copper Tube Co., New 
London, Conn. After two years he was made secretary of the com- 
pany, as well as superintendent, and two years later became its 
president and general manager. He greatly enlarged the plant dur- 
ing his connection with it. After the sale of the business in 1917 
Mr. Fray retired from active business, but from time to time acted as 
a consulting engineer on brass and copper-tube manufacture, serving, 
among others, the Bridgeport Brass Company, Wheeler Condenser & 
Engine Co., Detroit Brass & Copper Co., Scovill Manufacturing 
Company, Dominion Copper Products Company, and Philadelphia 
Roll & Machine Co. 

Mr. Fray became a member of the A.S.M.E. in 1920 and was 
treasurer of the Bridgeport Section of the Society from 1926 to 1931. 
He was also a member of the Bridgeport Engineers Club and the 
masonic fraternity. After his retirement he spent some time in 
travel. He is survived by his widow, Minnie J. (Steiber) Fray, whom 
he married in 1883, and by a son, George H. Fray, and daughter, 
Florence (Fray) Clark. 


DAVID WILLIS FRENCH (1860-1934) 


David Willis French, retired superintendent of the Hackensack 
(N. J.) Water Company, died at his home in Englewood, N. J., on 
August 9, 1934, following a few days’ illness. He is survived by his 
widow, Wilburta F. French, and by a sister, Mrs. Laura E. Libby 
of Boston. His first wife, Amelia (Eddy) French, whom he married 
in 1884, died in 1929. 
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Mr. French was born at North Weymouth, Mass., on March 24, 
1860, his father’s name being John French. At the age of sixteen he 
entered upon a three-year apprenticeship in the shops of the Whittier 
Machine Company, Boston, during which period he also attended 
night school four evenings a week. The following year he took a 
special course at the Massachusetts Institute of Technology. In 
1881 he became associated with the Henry R. Worthington hydraulic 
works in South Brooklyn, N. Y., as erecting engineer. In 1882 the 
firm contracted to install a pump for the Hackensack Water Company 
at the New Milford plant. Mr. French supervised this installation 
and upon its completion was retained by the Hackensack Water 
Company. In 1883 he had charge of installing the plant for the high 
service system at Weehawken, and subsequently was engaged to 
operate it for a year under Charles B. Brush, chief engineer and su- 
perintendent. He was engineer in charge of the high service system 
for eight years, then was made deputy assistant superintendent of the 
company, and after the death of Mr. Brush in 1896 was made super- 
intendent of the company, the position he held until his retirement in 
1928. 

Some of his major projects were the reconstruction of the New 
Milford pumping plant, the installation of the present great filter 
system, construction of the sub-pumping station at North Bergen, and 
the extension of the water system to supply about sixty towns in 
Hudson and Bergen counties. In 1900 he recommended to the board 
of directors of the company the purchase of a subsidiary water com- 
pany located at Spring Valley, N. Y., and in 1912 he reconstructed this 
plant to supply ten towns in Rockland County. 

In 1913 Mr. French perfected a machine which makes it possible 
to install a line gate without the interruption of service, a machine 
now widely used throughout the United States. 

Mr. French became a member of the A.S.M.E. in 1916. He was 
also a member of the American Water Works Association, which he 
served as president in 1909, was a director of the Hoboken Savings 
Bank, a member of the Union City Masonic Lodge, member of the 
board of the First Presbyterian Church, Englewood, director of the 
New Jersey Utilities Association for twenty years, superintendent of 
the Grove Church Sunday School for a number of years, member of 
the Executive committee of the Boy Scouts, North Hudson County 
Council, and a former member of the Board of Education of Union 
City. 


A. O. FRICK (1852-1934) 


A. O. Frick, chairman of the board of the Frick Company, Waynes- 
boro, Pa., and active in the affairs of the firm for more than sixty 
years, died at a hospital in Baltimore, Md., on April 20, 1934. 

Mr. Frick was born on June 16, 1852, at Ridgeville (now Ringgold), 
Md., where his father, George Frick, a native of Switzerland with a 
genius for mechanical things, then had his engine shop. The family 
having moved to Waynesboro in 1861, Mr. Frick’s education was 
completed in the public schools of that town. At the age of fifteen 
he began work as an apprentice in the Frick shops under his father, 
later becoming foreman, then draftsman, then mechanical engineer. 

In the late 60’s and the 70’s Mr. Frick, with an engineering insight 
years ahead of his time, improved the designs for the Frick portable 
steam engines and boilers. Some of his early drawings for these 
engines, bearing the date 1869, are still preserved, and illustrate with 
their fine, accurate lines, the craftsmanship he displayed in all his 
work. 

Between 1876 and the early 80’s he developed the Frick steam trac- 
tion engine, doing the ground work which led through such steps as 
steering by a team of horses, chain drive from the engine shaft to the 
gearing, the use of a train of small gears to replace the chain, devices 
for springing the rear axle, feedwater heaters, etc. He also patented 
an improved balanced slide valve, some of his early drawings show- 
ing the adaptability of this valve to locomotive practice. 

In 1882 and 1883 Mr. Frick made the drawings for the original 
refrigerating machines with which the firm pioneered in this field, 
and he subsequently assisted in enlarging the line of ice-making 
equipment. About 1889 he spent a year in Springfield, Mo., build- 
ing and operating an ice plant. Following this he devoted himself 
particularly to managing the engineering work of the company. He 
was made vice-president in 1896 and elected to the presidency of the 
company in 1904, but continued to serve as consulting engineer on 
all of its work. 

Mr. Frick had been chairman of the board since 1924, and though in 
recent years he had retired from active work, he always took the keen- 
est interest and pride in the company’s progress. When he was past 
the age of 75 he took over the duties of chief engineer for several 
months, during his absence. He was the last living member of a 
group of thirteen men who banded together in 1873 to save the firm 
from the effects of the panic of that year. 

In addition to his connection with the Frick Company, Mr. Frick 
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was a director of the Citizens National Bank & Trust Co., a director 
of the Chamber of Commerce and of the Beneficial Fund Associa- 
tion of Waynesboro, a member of the board of managers of the 
Waynesboro Hospital, a member of the Waynesboro Country Club, 
and charter member of the local masonic lodge. He became a mem- 
ber of the A.S.M.E. in 1885. 

He is survived by his widow, the former Miss Margaret Mehaffey, 
a sister, and two brothers, Amos and Ezra Frick. 


ALFRED BROOKS FRY (1860-1933) 


Alfred Brooks Fry, Commodore, U.S.N.R. (Retired), died in 
Coronado, Calif., on December 4, 1933. Mr. Fry entered Govern- 
ment service in 1886 as inspection engineer of public buildings under 
the Supervising Architect’s Office of the Treasury Department and 
held many important posts in civil and naval service prior to his 
retirement in 1927. 

Mr. Fry was born in New York, N. Y., on March 3, 1860, a son of 
Major Thomas William G. Fry (U.S.V.) and Frances (Olney) Fry, 
and a great-grandson of Captain Benjamin Fry, who served in the 
Continental Army. He attended private schools and Morse’s 
School in New York and studied engineering at Columbia University. 
He spent several years at sea as an oiler and assistant engineer and 
also had shop experience with the Corliss Engine Company, Provi- 
dence, R. I., and at Portland, Me., and Boston, Mass., with the 
Portland Company and Globe Mill Company. He was captain of 
the Boston Fire Department from 1882 to 1886. 

In civil service in the Treasury Department Mr. Fry was ad- 
vanced from inspection engineer to chief engineer and supervising 
chief engineer. He had charge of the construction, engineering opera- 
tion, and repairs of United States public buildings and their mechani- 
cal and electrical plants. Much of his time was spent on work at 
New York but he also had assignments in Boston, Chicago, Wash- 
ington, New Orleans, and Galveston and on the Pacific Coast and in 
connection with quarantine stations and marine hospitals on the 
Atlantic, Gulf, and Pacific Coasts. From 1916 to 1926 he was con- 
sulting engineer for the U. S. Immigration Service, in charge of the 
construction and maintenance of immigration buildings. He served 
on a Congressional Commission on the mechanical transmission of 
mails in 1913. 

By order of the President Mr. Fry served as a member of the Board 
of Consulting Engineers for the Improvement of State Canals in New 
York from 1904 to 1912, and he also studied and reported on Euro- 
pean and Egyptian canal, river, and port improvements in 1909 and 
1918. He was an engineer member of the Special Panama Canal 
Commission in 1921. 

Mr. Fry was consulting engineer for the Association for the Pro- 
tection of the Adirondacks, from 1908 to 1920, and for the Depart- 
ment of Water Supply, Gas, and Electricity of the City of New York, 
from 1914 to 1917. He was a member of the Committee on Water 
Storage and Waterways of the Merchants’ Association of New York 
from 1918 to 1926. 

In 1892 and 1893 he organized the first Engineer Division of the 
United States Naval Militia at Boston and New York. He served 
as engineer lieutenant and engineer lieutenant-commander from 1892 
to 1910 and as commander and chief of staff of the Naval Militia, 
New York, from then until 1923, when he was made commodore. 
He was retired in 1924 with the rank of rear-admiral. 

In the U.S.N.R. he was advanced through the ranks from lieu- 
tenant to commodore, retiring in 1927. He was acting chief engineer 
in the U.S.N. during the Spanish-American War, 1898, and engineer- 
aide to Rear-Admiral Burd, industrial manager of the Third Naval 
District and New York Navy Yard, during the World War. He was 
engineer-observer on the first run of the U.S.S. Leviathan in 1917 
and also saw duty at sea and at English and French ports. He was 
consulting marine engineer for the U.S. Army Transport Service in 
1922. He was a member of the International Congresses of Naviga- 
tion. 

Since his retirement Mr. Fry had served on the Harbor Committee 
of the San Diego Chamber of Commerce in 1929 and on the City 
Council of Coronado in 1929-1930 and was mayor pro-tem of Coron- 
ado in 1930-1931, and mayor from then until the time of his death. 
He served on the employment committee of Southern California in 
1931. 

Mr. Fry became a member of the A.S.M.E. in 1892. He was also 
a member of the American Society of Civil Engineers, American 
Society of Naval Engineers, Society of Constructors of Federal 
Buildings, of which he had been president. He was a member of a 
committee of engineers representing the National Engineering So- 
cieties at the New York Constitutional Convention in 1915. He be- 
longed to the Society of Colonial Wars, The Society of the Cincinnati 
of the Providence Plantations, and the Military Order of the Spanish- 
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American War, and his clubs included the Columbia University, 
New York, and Army and Navy, Washington. He was an honorary 
member of the Yachting Department of the New York Athletic 
Club. 

Surviving Mr. Fry are his widow, Emma V. (Sheridan) Fry, whom 
he married in 1890, and their son, Sheridan Brooks Fry. 


GEORGE WARREN FULLER (1868-1934) 


George Warren Fuller, who became internationally known as a 
sanitary engineer and expert on water supply and sewage disposal 
died at his home in New York, N. Y., on June 15, 1934. He was 
born at Franklin, Mass., on December 21, 1868, and was the son of 
George Newell and Harriet (Craig) Fuller. After his graduation 
from the Massachusetts Institute of Technology in 1890 with an 
S.B. degree, he studied for about a year at the University of Berlin 
and in the private office of the engineer of the Berlin water works. 
He then devoted about nine years to research work in water purifica- 
tion, chiefly at the Lawrence Experiment Station of the Massachu- 
setts State Board of Health, and at Louisville, Ky., and Cincinnati, 
Ohio, where his work on coagulation and rapid sand filtration laid the 
basis for American water purification practice. 

Since 1899 Mr. Fuller had engaged in consulting work, with his 
headquarters in New York. From 1901 to 1911 he was in partner- 
ship with Rudolph Hering under the firm name of Hering & Fuller. 
During the next few years he continued practice under his own name. 
In 1916 he formed a partnership with James R. McClintock, under 
the firm name of Fuller & McClintock, of which he was senior mem- 
ber at the time of his death. 

Mr. Fuller served as consulting engineer for major water works and 
sewerage improvements in more than 150 large cities in this country 
and abroad. He had been consultant to the New York Board of 
Water Supply since 1906. In connection with the development of 
the Catskill reservoirs and supply systems he made an intensive study 
of the principal systems in Wales and Scotland which led to the in- 
stallation of aerating stations below the Ashokan and Kensico reser- 
voirs. He also served as consultant to the Metropolitan Sewage 
Commission and in 1928 and 1929 reported to the city upon the Wards 
Island sewage-treatment project, plans for which were subsequently 
drawn by his firm. 

In 1917 and 1918, during the World War, Mr. Fuller was a member 
of a central committee at Washington having to do with the engineer- 
ing, planning, and sanitation of various army camps, and he was also 
consulting engineer to the Construction Division of the Army. Di- 
rectly after the Armistice he served as a member of the Franco- 
American Engineering Congress which convened at Paris to consider 
reconstruction and economic problems in France. 

One of the many important posts held by Mr. Fuller since the World 
War was that of chairman of the Engineering Board of Review for 
the Sanitary District of Chicago, which was formed in 1924 to con- 
sider a new sewage-disposal system in that city. The recommenda- 
tion of the board to draw sufficient water from Lake Michigan to 
carry sewage in satisfactory dilution through the Illinois Canal to 
the Mississippi River was adopted and successfully carried out. In 
1934 he was recalled to advise a special board of review in regard to 
additions to this system. 

Mr. Fuller had always taken a keen interest in public-health work. 
He was consulting engineer to the United States Public Health Ser- 
vice in connection with municipal improvements necessary to public 
health, contributed largely to the development and adoption of the 
Standard Methods of Analysis for Water and Sewage sponsored by 
the American Public Health Association, and as chairman of its 
Council on Standardization, helped the American Water Works 
Association in the publication of its Manual of Water Works Practice. 

Mr. Fuller was a member and chairman of an engineering advisory 
committee of the Reconstruction Commission of the State of New 
York, and advisor to the International Joint Commission on Bound- 
ary Waters between the United States and Canada. Among the 
projects on which the advice of his firm was sought during recent 
years were water works for Shanghai, China; the Wanaque aque- 
duct, for the New Jersey Water Policy Commission and the North 
Jersey District Water Supply Commission; new water supply and 
purification systems for Kansas City, Mo., Memphis, Tenn., and 
Wilmington, Del.; sewage-treatment works at New Haven, Conn., 
and Lexington, Ky.; a comprehensive system of intercepting sewers 
and sewage treatment for the Hackensack Valley Sewerage Commis- 
sion of New Jersey involving some fifty communities bordering on the 
Hackensack River and its tributaries; the collection and treatment 
of sewage and industrial wastes reaching Narragansett Bay from the 
city of Providence and neighboring municipalities, a study of which 
was made for the Metropolitan Sewerage Commission of Rhode Is- 
land; and the future water supply of the Minneapolis-St. Paul dis- 
trict, a report on which was completed just prior to his death. 
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Mr, Fuller’s work was not entirely in the hydraulic and sanitary 
fields, however. He was an expert in the valuation of public utilities 
and in adjusting disputes on rates and charges by utilities supplying 
water and other services. During the World War he was a member of 
the Pittsburgh valuation board, appraising the street railways in 
that city. He had also been a member of the valuation committee 
handling street-railway adjustments in Philadelphia and was con- 
sulting expert for the International Railways Company, owner of 
the street-car system in Buffalo, N. Y., and its suburbs on both sides 
of the Niagara Valley. 

In addition to his consulting work Mr. Fuller found time to write 
many papers in his field, and three books: ‘‘Water Purification at 
Louisville,” published in 1898; ‘‘Sewage Disposal,” 1912; and 
“Solving Sewage Problems,’’ 1926, of which his partner, James R. 
McClintock, was co-author. 

At the time of his death Mr. Fuller was chairman of the board of 
The Engineering Foundation. He was appointed a member of the 
board by the American Society of Civil Engineers in 1931, served as 
vice-chairman the following year, and was elected chairman in 1933. 
He was a past-president and director of the American Society of 
Civil Engineers and a past-president of the American Water Works 
Association and the American Public Health Association. He be- 
came a member of the A.S.M.E. in 1910 and belonged to many other 
professional and scientific societies, including the Institution of Civil 
Engineers, Verein Deutscher Ingenieure, Association Generale des 
Hygienistes et Techniciens Municipaux, of France, Engineering In- 
stitute of Canada, The Franklin Institute, American Chemical Society, 
American Institute of Consulting Engineers, and the American So- 
ciety of Bacteriologists. He was chairman of the Committee on 
Promotion and Attendance for the World Engineering Congress at 
Tokio, Japan, in 1929, 

Among Mr. Fuller’s clubs were the Engineers’ and Machinery, 
New York; University, Chicago; Cosmos, Washington; Seaview 
Golf, Absecon, N. J.; Everglades, Palm Beach; Canoe Brook Coun- 
try, Summit, N. J.; and the Pleiades Club, New York, of which he 
was president at the time of his death. 

He is survived by his widow, Eleanor Todd Fuller; three sons by 
previous marriages: Myron E., Kemp G., and Asa W. Fuller; and 
three step-sons, Kenneth B., Gordon B., and George B. Fuller; and 
a sister, Mrs. Carl W. DeVoe, of Jerome, Idaho. 


THAYER PRESCOTT GATES (1879-1934) 


Thayer Prescott Gates, manager of the Finishing Department of 
the Riverside and Dan River Cotton Mills in Danville, Va., died 
suddenly of angina pectoris on the evening of January 1, 1934, while 
in Richmond, Va. 

Mr. Gates was born in Lowell, Mass., on May 14, 1879, the son of 
Prescott Coburn and Ellen (Kittridge) Gates. He prepared for 
college at Phillips Andover Academy and took a mechanical engineer- 
ing course at the Massachusetts Institute of Technology. He was 
vice-president of his class there one year and a member of Sigma Chi 
fraternity. 

Textile manufacturing had been Mr. Gate’s work ever since he 
left the Institute. After some early experience under his father at 
the mill of Josiah Gates & Sons, in Lowell, he was employed on the 
construction of mills and layout and erection of machinery at the 
Lawrence, Mass., mills of the American Woolen Company in 1902- 
1903. During the next year he secured drafting-room and shop 
experience with the Jeffrey Manufacturing Company, Columbus, 
Ohio. 

In February, 1904, Mr. Gates became master mechanic for the 
Wilkes-Barre (Pa.) Lace Manufacturing Company, where he re- 
mained for two years. He then took the position of foreman of the 
J. and W. Lyall Machine Works and master mechanic of the Brigh- 
ton Mills at Passaic, N. J. In 1907 he became efficiency engineer for 
the Sayles Bleacheries at Saylesville, R. I., and continued with that 
mill and the Glenlyon Dye Works, reorganizing them along the 
lines of scientific management and handling all engineering problems 
in connection with construction, power supply, maintenance, and 
operation until 1917. The following year he was connected with 
Collins and Aikman, of Philadelphia, manufacturers of plushes. 

In the fall of 1918 he opened an office in Providence, R. I., as a 
consulting engineer and textile specialist. He transferred his office 
to New York in 1930, and continued in practice until 1932, when he 
took the position he held at the time of his death. 

Mr. Gates became a junior member of the A.S.M.E. in 1906 and a 
member in 1913, and was a Knight Templar in the masonic fraternity. 
He was a contributor to the textile press and had worked on an emul- 
sifier for use in textile manufacture. 

Surviving Mr. Gates are his widow, Cecile (Lovell) Gates, whom he 
married in 1904, and a daughter, Marjorie (Gates) Alley. 
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FREDERICK TAYLOR GAUSE (1866-1934) 


Frederick Taylor Gause, for nearly forty years connected with the 
Standard Oil Company of New York, died in San Diego, Calif., on 
October 17, 1934. 

Mr. Gause was born at Kennett Square, Chester County, Pa., on 
March 16, 1866, son of S. Irwin and Edith (Taylor) Gause. After 
leaving public school he served an apprenticeship with the Harlin & 
Hollingsworth Co., and secured drafting and shop experience with 
that company and at the Trenton Iron Works. He then entered 
Stevens Institute of Technology, from which he was graduated in 
1891. 

From the time of his graduation until his retirement in 1930, Mr. 
Gause was in the employ of the Standard Oil Company. The first 
few years were spent mainly on experiments to determine the merits 
of pure petroleum oil for lubricating reciprocating marine engines. 
In 1894 he was sent to the Far East to report on the possible demand 
for heavy petroleum products in the principal commercial centers 
there, particularly at the seven centers in India, China, and Japan 
where the company had opened offices the previous year to sell kero- 
sene oil. Asa result of his investigation the company added to these 
offices organizations to market heavy petroleum products, and Mr. 
Gause was assigned to supervise their establishment. Later he made 
similar trips to South America, South Africa, Australia, New Zealand, 
etc., establishing marketing branches at many points and otherwise 
assisting in the conduct of the Export Marketing Department of 
the company. 

Mr. Gause became a member of the A.S.M.E. in 1893, belonged to 
the Engineers’ Club, New York, and was a former member of the 
American Association for the Advancemnt of Science. He is sur- 
vived by his widow, Gertrude (Grier) Gause. 


FREDERICK AUGUST GEIER (1866-1934) 


Frederick August Geier, president of the Cincinnati Milling Ma- 
chine Company, Cincinnati, Ohio, died suddenly of a heart attack at 
his home in that city on March 27, 1934. 

Mr. Geier was born in Cincinnati on June 23, 1866, the son of 
Philip and Sophia L. (Otten) Geier. He was graduated from the 
Woodward High School there in 1884, and for a time worked in a 
bank in Newton, Kansas. At the age of 21 he became associated 
with the Cincinnati Screw & Tap Co., which in 1889 became the Cin- 
cinnati Milling Machine Company. He served as manager of the 
company for a time, was made secretary and treasurer, and finally be- 
came president. 

Within a few years after Mr. Geier’s affiliation with the company, 
increased business necessitated the removal of the plant from Second 
and Plum Streets, where it had been established in 1884, to new quar- 
ters at Spring Grove Avenue and Alfred Street. By this time the 
company had entered the foreign trade field and exhibited a revolu- 
tionary milling machine at the Paris World Fair in 1900. 

After 19 years at Spring Grove Avenue and Alfred Street, the com- 
pany was housed in a plant at Oakley where Mr. Geier was a moving 
spirit in organizing a factory colony that did much to make the suburb 
one of the leading machine-tool centers of the world. 

Mr. Geier was also president of the Factory Power Company, 
Factory Colony Company, Cincinnati Grinders Incorporated, Cin- 
cinnati Rubber Manufacturing Company, and Cincinnati Morris 
Plan Bank. He was a director of a number of other companies and 
institutions, including the Cincinnati Bickford Tool Company, 
Central Trust Company, Lincoln National Bank, and the Children’s 
Home, all of Cincinnati. He was a leader in promoting vocational 
education in Cincinnati and aided in the establishment of the coopera- 
tive engineering system at the University of Cincinnati when he was a 
trustee and president of the board of the university. He also estab- 
lished a loan fund for cooperative engineering students. At the time 
of his death he was president of the Ohio Mechanics Institute. 

From 1913 to 1915 Mr. Geier was chairman of the Council of Social 
Agencies for Cincinnati, from 1915 to 1917 chairman of the Central 
Budget Committee, and from 1917 until his death, a member of the 
Executive Committee of the Cincinnati Community Chest. 

Other organizations in which Mr. Geier was actively interested 
included the Cincinnati Bureau of Governmental Research, the 
National Crime Commission, and the Ohio Valley Improvement 
Association. 

Mr. Geier became an associate of the A.S.M.E. in 1900. He served 
as chairman of the Cincinnati Section in 1917 and was a manager of 
the Society from 1917 to 1920. He was interested in the standardize 
tion and research work of the Society and contributed to the support 
of the work of the Special Research Committee on Gears. 

Mr. Geier was an early advocate of the eight-hour day and helped 
to organize the National Metal Trades Association. In 1910 and 
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1911 he was president of the National Machine Tool Builders’ Associa- 
tion and in 1933 he helped to organize the Machinery and Allied 
Products Institute. He was also a member of the American Academy 
of Political and Social Science, American Institute of Banking, Na- 
tional Municipal League, National Society for Promotion of Industrial 
Education, Chamber of Commerce of the United States, Cincinnati 
Chamber of Commerce, and many other such organizations. His 
clubs included the Engineers, Commercial, Queen City, Camargo, 
and others in Cincinnati and vicinity. 

Surviving Mr. Geier are his widow, Juliet (Esselborn) Geier, for- 
merly of Portsmouth, Ohio, whom he married in 1904, and two sons 
and two daughters. 


HAROLD LOTHROP GOODWIN (1897-1933) 


Harold Lothrop Goodwin was born in Roxbury, Mass., on Novem- 
ber 14, 1897, son of Homer and Mabel A. (Bates) Goodwin. He was 
graduated from the Roxbury Latin School in 1916 and received an 
S.B. degree in mechanical engineering from the Massachusetts In- 
stitute of Technology in 1921. Following his graduation he engaged 
in construction work in Boston with L. P. Soule, soon securing a posi- 
tion with Stone & Webster, Inc. In 1924 he was sent to Philadel- 
phia, Pa., in connection with the construction of a building for the 
Insurance Company of North America, and in the following year 
worked on a power-plant building for the Savannah Light & Power 
Co., and on construction at Davis Islands, Tampa, Fla. 

He returned to Boston in 1928 and was associated with L. P. Soule 
again in constructing an addition to the John Hancock Life Insurance 
Company building there. In 1930 he took a position in the Genera- 
ting Office Department of the Edison Electric Illuminating Com- 
pany of Boston, where he was employed at the time of his death on 
December 4, 1933. 

Mr. Goodwin became a junior member of the A.S.M.E. in 1921. 
He is survived by his widow, the former Miss Martha L. Dewey, of 
Great Barrington, Mass., whom he married in 1925. 


SAMUEL MARTIN GREEN (1864-1934) 


Samuel Martin Green was born at Benton Harbor, Mich., on April 
13, 1864, son of Martin Green, a civil engineer well-known for his 
connection with some of the greatest engineering projects in the 
United States. His mother was Mary Frances Stuart (Hathaway) 
Green. 

Mr. Green was graduated from the course in mechanical engineer- 
ing at Worcester Polytechnic Institute in 1885. Following his gradu- 
ation he was draftsman for about a year with each of the following 
companies: F. E. Reed Company, Worcester, Mass., machine-tool 
manufacturers; the John T. Noye Manufacturing Co., Buffalo, 
N. Y.; the Deane Steam Pump Company; Holyoke, Mass.; and the 
Merrick Thread Company, Holyoke. He then became master 
mechanic of the last-named company, which permitted him to do 
outside consulting work. About 1898 the American Thread Com- 
pany was formed and the Merrick Thread Company merged with it. 
He served as consulting engineer to the company until he organized 
his own business in the fall of 1908 at Springfield, Mass., under the 
firm name of Samuel M. Green Company. 

Among the numerous companies which Mr. Green served as con- 
sulting engineer prior to the establishment of his own company were 
the Union Metallic Cartridge Company, Bridgeport, Conn., and the 
United States Envelope Company. For the iatter company he de- 
signed and supervised the construction of a three-story factory 
building at Waukegan, IIl., and a five-story structure at Springfield 
in connection with which he designed and supervised the installation 
of a steam boiler and power plant and electrified the entire plant. 

In connection with Mr. Green’s work for the Union Metallic Cart- 
ridge Company, the following is taken from a memoir prepared by 
Harry B. Hopson, of Springfield, for the American Society of Civil 
Engineers, of which Mr. Green was also a member: 

“In 1906, Mr. Green designed a steam boiler and turbine plant for 
the Union Metallic Cartridge Company. When this work was com- 
pleted, the company requested him to make an examination of its 
primer loading plants after a disastrous explosion. He revised the 
method of loading primers entirely; built a new primer-loading plant; 
and devised an entirely new method of handling and mixing fulmi- 
nate, which, to that time, had been an exceedingly dangerous opera- 
tion. Since the revision of the method by Mr. Green the company 
has never had an explosion in its plant. 

“About that time, the company had a disastrous explosion in its 
powder-storage farm where many tons of powder had been stored. 
Mr. Green was given the problem of designing a powder-storage farm 
that would be safe. He designed roads, bunkers, and small storage 
houses for powder, and supervised the installation of this equipment, 
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The Union Metallic Cartridge Company was the owner of the Rem- 


| ington Arms Company, at Ilion, N. Y. This latter company was not 


making a profit, and Mr. Green was given the commission of investi- 
gating the entire process of manufacturing arms. He spent two or 
three years at the Remington plant, designing new equipment and 
re-arranging machinery, until, finally, it was operating on a profit- 
able basis.” 


, Concerning Mr. Green’s work after 1908, Mr. Hopson writes: 


' “Among his more important clients was the Farr Alpaca Company, 
of Holyoke, which spent under his direct supervision and charge from 
$12,000,000 to $15,000,000. 

“In 1911, he was given a commission by Max Henkels, who 
had come to the United States from Germany to engage in the lace- 
manufacturing business, at Bridgeport. Mr. Green designed and 
supervised the construction of a weave shed; a two-story and basement 
brick mill building; and in 1915, a three-story building of reinforced 
concrete. The design of this latter building was rather extraordinary 
because the posts had to be located so that Nottingham-lace looms 
could be installed in the building. The floors of the building were 
of the mushroom type of construction. 

“In 1912 and 1913, Mr. Green designed and supervised the con- 
struction of a paper mill for the Strathmore Paper Company, at 
Woronoco, Mass., together with its power plant, filter plant, etc. 
For this same company, in 1923, he designed a reinforced-concrete 
bridge across the Westfield River, a span of approximately 400 ft, 


| ) supported by three high arches. 


) “In 1915, he designed and supervised the construction of the plant 
of the Warner-Klipstein Chemical Company, at South Charleston, 
W.Va. This was a caustic-chlorine plant consisting of many build- 
ings, including a power plant of about 2000-kw capacity, a plant for 
the production of carbon tetrachloride, carbon bi-sulphide, chlorine, 
and caustic soda. 

“In 1918, Mr. Green was awarded the contract by the United 
States Government to design and supervise the construction of the 
large chlorine plant at the Edgewood (Md.) Arsenal. This chlorine 
plant was the largest of this character that had ever been built to 
that time. Its capacity was 100 tons of chlorine gas and caustic 
soda per 24 hr. Mr. Green’s work consisted in designing all the 
buildings which were of brick and wood construction. This plant 
consisted of a building for chlorine cells; a salt-treating plant; a 
boiler plant, of approximately 2000 boiler-hp; an evaporator plant 
for salt caustic evaporation, containing eight double-effect evapora- 
tors; and a caustic fusion plant. He designed all the machinery and 
supervised its installation, and was under contract with the Govern- 
ment to supervise the installation of all the equipment and the start- 
ing of its operation. This plant was successfully constructed, and 
operation was started before the end of the World War, or in approxi- 
mately six months. 

“Tn 1926, Mr. Green designed a new boiler plant for the Fitchburg 
Paper Company, of Fitchburg, Mass. This work consisted of a com- 
plete revision of an old boiler-house and the installation of one 1000- 
hp, 250-lb pressure boiler, with complete pulverized-coal equipment, 
superheaters, and piping system. In connection with this work he 
also designed a high-pressure steam line, with all the supports, about 
1200 ft long, running from this boiler plant to one of the other mills 
over a bridge, about 100 ft long, also designed by Mr. Green. This 
work was entirely under his supervision; he let all the contracts and 
supervised the completion of the work. 

“Tn 1927, he designed a new boiler installation for Joseph Bancroft 
and Sons Company, at Wilmington, Del. This work consisted in the 
removal of two old boilers and the installation of one 1000-hp, 250- 
lb pressure boiler, together with all its auxiliary equipment, stokers, 
etc., and a revision of the boiler-house for this installation, 

“During 1927 and 1928, Mr. Green also engineered and supervised 
the construction of the Integrity Trust Building in Philadelphia, 
Pa 

Mr. Green had been a member of the A.S.M.E. since 1890, and in 
addition to his membership in the A.S.C.E., belonged to the Engineer- 
ing Institute of Canada, Engineering Society of Western Massachu- 
setts, and the American Geographical Society. He was a member of 
the Chamber of Commerce and Taxpayers’ Association of Springfield, 
and president of the latter at the time of hisdeath. He also belonged 
to the Constitutional Liberty League of Massachusetts, National 
Economy League, and Navy League of the United States. He was 
a member of all the branches of the York Rite and of the Scottish 
Rite of the masonic fraternity, being a Knight Templar, a Thirty- 
second Degree Mason, and a member of the Shrine. 

Mr. Green’s death occurred at Springfield on March 22, 1934. He 
is survived by his widow, formerly Miss Ida McKown, of Holyoke, 
and by their two married daughters, Mrs. Mildred (Green) Page, of 
Longmeadow, Mass., and Mrs. Lydia (Green) Meadows, of New 
York, N. Y. 
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JOSEPH RUDD GREENWOOD (1883-1934) 


Joseph Rudd Greenwood, who retired in 1930 as president and 
treasurer of the New York Vitreous Enamel Products Corporation, 
Flushing, L. I., N. Y., died in New York on March 2, 1934. 

Mr. Greenwood was born in New York on May 27, 1883, the son 
of Isaac J. and Mary A. (Rudd) Greenwood. He attended the Col- 
legiate and Halsey schools in New York and the Hill School at Potts- 
town, Pa., and was graduated as a civil engineer from Princeton 
University in 1905. After serving as an instructor in civil engineer- 
ing at Princeton in 1905-1906, he took a position as assistant engineer 
with The Ballwood Company in New York, manufacturers of single- 
and four-valve engines, high- and low-pressure and mixed-flow tur- 
bines, and high-pressure pipe joints and bends. He was made super- 
intendent of the pipe shop in 1908, superintendent of construction in 
the field in 1910, general superintendent in 1911, and general manager 
in 1914, 

In 1916 Mr. Greenwood left The Ballwood Company to be me- 
chanical engineer in the office of Charles H. Higgins, but the follow- 
ing year entered the World War as a driver and section leader in the 
American Ambulance Field Service in France. He rose to the rank of 
captain in the service. 

After the close of the War he returned to the employment of Mr. 
Higgins, with whom he remained for several years before becoming 
connected with the New York Vitreous Enamel Products Corpora- 
tion. 

Mr. Greenwood became a member of the A.S.M.E. in 1920, and 
belonged to the Sons of the Revolution, and the University and Prince- 
ton clubs. He is survived by his widow, Ruth M. (Dayton) Green- 
wood, whom he married in 1919. 


ELWOOD GRISSINGER (1869-1934) 


Elwood Grissinger, of Buffalo, N. Y., whose death occurred on 
October 8, 1934, was born at Mechanicsburg, Pa., on March 3, 1869. 
After completing his high school course there he studied telegraphy 
in the ticket office of the Cumberland Valley Railroad at Mechanics- 
burg. At the age of 17 he secured an appointment as a telegraph 
operator on the Norfolk & Western R.R. Subsequently he studied 
stenography at Chaffee Institute, Oswego, N. Y., and worked in the 
general passenger office of the New York, Ontario & Western R.R. 
and for the Pennsylvania Railroad, at Harrisburg, Pa. 

In 1890 Mr. Grissinger entered Lehigh University, from which he 
was graduated four years later with a degree in electrical engineering. 
His scholastic standing was such that he was appointed orator for 
Founder’s Day and commencement. He was elected to membership 
in Tau Beta Pi, honorary engineering fraternity, as well as in Delta 
Upsilon. In 1916 the university conferred an honorary M.S. degree 
upon him. 

After his graduation from Lehigh University Mr. Grissinger worked 
for two years in the shops of the Westinghouse Electric & Manu- 
facturing Co., and for three years was district engineer and salesman 
for the company at Syracuse and Buffalo. From 1899 to 1906 he 
was commercial engineer for the Buffalo General Electric Company 
and the Cataract Power & Conduit Co. The following year he was 
general agent for the Niagara Falls Power Company and the Cana- 
dian Niagara Power Company. 

Since 1906 Mr. Grissinger had engaged in consulting engineering in 
the mechanical and electrical fields, and in research work. He 
patented a complete system of long-distance telephony, including 
telephonic speech amplifiers and the only known operable method of 
associating them with the speech transmission circuits. This system 
has been adopted for use on transcontinental lines and all classes of 
long-distance circuits, the United States patents having been pur- 
chased by the American Telephone & Telegraph Co., and was used 
in Europe by the United States Army and its Allies during the World 
War. He also patented a method of sound amplification as exempli- 
fied by phonograph horns. 

Mr. Grissinger became a member of the A.S.M.E. in 1912. He 
was a Fellow of the American Institute of Electrical Engineers 
and a member of The Franklin Institute. He had contributed 
special articles on electric railroading to the journals of the Brother- 
hood of Locomotive Engineers and Firemen. 

Mr. Grissinger married Lucy Martin Ash, of Oil City, Pa., in 1897, 
and is survived by her and a son, Elwood. 


CONRAD VELDER HAHN (1890-1933) 


Conrad Velder Hahn, associate professor of mechanical engineering 
at Drexel Institute, Philadelphia, Pa., and head of the mechanical 
engineering department of the Drexel Evening Diploma School, died 
on December 3, 1933, at the Temple University Hospital. 
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Dr. Hahn was born in Philadelphia on May 9, 1890, the son of 
John G. and Elizabeth (Velder) Hahn. He attended the Central 
Manual Training High School in Philadelphia and was graduated 
from the University of Pennsylvania with a B.S. degree in engineer- 
ing in 1908. An M.E. degree was conferred upon him by the same 
university four years later and San Jose University gave him the 
degrees of Doctor of Engineering and Doctor of Philosophy. 

Dr. Hahn was a member of the faculty of the civil engineering 
department of Temple University Evening School from 1910 to 1912 
and of the mechanical engineering department of the University of 
Pennsylvania during the next two years. He had been connected 
with Drexel Institute since 1919, when he became director of the 
mechanical engineering department of the evening school. 

He had also carried on a consulting practice since 1910 as managing 
director of the Hahn Company, Philadelphia. He was also a director 
and associate engineer of the International Development Company, 
Washington, D. C., consulting mechanical engineer for the Turbo 
Motor Company, East Radford, Va., and amember of N. T. Whitaker 
& Co., Washington. 

During the World War he served in the Ordnance Department, 
as first lieutenant and captain, and received special mention for 
technical service at the Army Ordnance Base Depot, France, and the 
Aberdeen Proving Ground, Scotland. He held the rank of major in 
the Ordnance Reserve Corps. 

Dr. Hahn became a junior member of the A.S.M.E. in 1915. He 
also belonged to The Franklin Institute, National Philosophical 
Society, masonic fraternity, and a number of fraternal orders and 
clubs, including the honorary engineering fraternities, Sigma Xi, 
Tau Beta Pi, and Pi Tau Sigma. 

He is survived by his widow, Lillian (Roth) Hahn, and by his 
mother, a brother, and a sister. 


THEODORE COMMODORE HAILES, JR. (1883-1934) 


Theodore Commodore Hailes, Jr., field engineer for the New York 
State Temporary Emergency Relief Administration, Binghamton, 
Division Office, died in that city on October 29, 1934. 

Mr. Hailes was born in Albany, N. Y., on September 15, 1883, the 
son of Theodore Commodore and Elizabeth (Brooks) Hailes. After 
his graduation from the Albany High School he entered Rensselaer 
Polytechnic Institute, from which he received a C.E. degree in 1907. 
He took part in practically all extra-curricula activities while at the 
Institute and was one of the founders of the Rensselaer Technical 
Society, which later became Pi Kappa Phi fraternity. 

From the time of his graduation until the United States entered 
the World War, Mr. Hailes engaged in the general practice of engi- 
neering and contracting, with an office in Albany. His work included 
examinations and reports on a number of hydroelectric-development 
projects; the design and installation of signal equipment on the Erie 
Canal; construction of several telephone lines; destruction by 
dynamite of ice gorges in the Hudson River several years; super- 
vision of construction of state highways, and quarrying and crushing 
of stone for them; and investigation and reports as expert witness in 
many cases involving engineering. 

In 1917 he accepted a position as superintendent of the Neemes 
Brothers Iron Foundry, at Troy, N. Y., which was engaged in war 
work. He continued with that company for several years after the 
close of the war, then became manager for the Tool & Device Corp., 
of Troy. More recently he had been secretary and treasurer of the 
Engineering Service Corporation, Albany. 

Mr. Hailes became a member of the A.S.M.E. in 1922 and was a 32d 
degree Mason. He is survived by his widow, Charlotte S. (Welch) 
Hailes, whom he married in 1909, two sons, Theodore C. Hailes, 3d, 
and Gardner M. Hailes, and three sisters. 


FRANCIS EDWARD HALLORAN (1882-1932) 


Francis Edward Halloran was born on June 5, 1882, in Brooklyn, 
N. Y., the son of Patrick and Anne (Burke) Halloran. He was gradua- 
ted in 1900 from the Boys High School in Brooklyn and later con- 
tinued his studies through the International Correspondence Schools. 

The greater part of Mr. Halloran’s engineering work was for the 
E. W. Bliss Co., Brooklyn. He was associated with this company 
from early in 1902 until after the close of the World War with the 
exception of about a year during which he worked for C. J. Regan, 
Maspeth, L. I., designing dies for sheet-metal ware and attachments 
for spinning lathes. His first assignments for the Bliss company were 
in the general drafting room. He was then transferred, upon his 
request, to the drafttmg room of the die department. After the year 
at Maspeth he began his most important work for the company, in 
connection with torpedoes. In the capacity of mechanical drafts- 
man in the torpedo drafting room at the main works of the company 
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he worked from 1906 to 1910 laying out the mechanisms in the 
Bliss-Leavitt torpedo; helping to develop the outside superheater 
system; experimenting with gyroscopic steering, hydrostatic depth 
regulating, and reducing-valve gears; redesigning dynamometers; 
and developing new tools and fixtures for the manufacture of torpedo 
parts. He was made chief draftsman in 1910 and during the next 
three years was engaged in the design and construction of an “‘angle- 
fire’ gyroscope, depth mechanism, steering engines, launching tubes, 
and high-pressure air accumulators for the company’s proving steamer 
Emblane. 

In 1913 the torpedo department was relocated at the 53d Street 
works of the company and for about ten years longer Mr. Halloran 
devoted himself to supervising all the experimental and research 
work incident to further increasing the speeds, range, and reliability of 
torpedoes. 

After leaving the Bliss company Mr. Halloran was mechanical de- 
signer first at the Edison Lamp Works of the General Electric Com- 
pany at Harrison, N. J., and then with the Trans-Lux Daylight Pic- 
ture Screen Corporation, Brooklyn. He helped to perfect the 
machinery for manufacturing frosted bulbs, in the former position, 
and in the latter worked on the Trans-Lux stock quotation projec- 
tion machine and motion picture projection. Poor health forced 
his retirement from the Trans-Lux company, and his death from 
heart disease occurred on March 20, 1932, at the home of his sister, 
Mrs. M. Gertrude Quinn, Corona, L. IJ., N. Y. 

Mr. Halloran became a member of the A.S.M.E. in 1920. 


JOHN HANKIN (1865-1933) 


John Hankin, for nearly forty years president of John Hankin & 
Brother, consulting engineers, New York, N. Y., died at his home in 
Passaic, N. J..on November 30, 1933. 

Mr. Hankin was born on September 21, 1865, in Farnworth, Lanca- 
shire, England, the son of William and Susannah Hankin, He came 
to the United States with his parents in 1874 and secured his early 
education in the public schools in Rome and Watertown, N. Y. Sub- 
sequently he attended the Brooklyn Evening High School for one year 
and took mechanical and scientific courses at Cooper Institute. 

Mr. Hankin’s first employment was in Watertown, N. Y., in the 
shops of the Davis Sewing Machine Company, in 1880. He then 
served a four-year apprenticeship at the Steam Engineering Works. 
there, after which he was employed as a journeyman machinist at 
the works and by the Eames Vacuum Brake Company, Watertown, 
the James Brady Manufacturing Company, Brooklyn, and Arnoux & 
Hochausen Electric Co., New York. For two years, beginning in 
March, 1888, he was draftsman for the Buffalo Forge Company, and 
for the next three years engaged in sales engineering for the Akron 
Heating & Ventilating Co., Akron, Ohio, and Cook & Co. and Jas. 
Beggs & Co., New York. 

From August, 1893, to a year from that time Mr. Hankin was a 
partner in the Armstrong Engineering Company, New York. He 
then went into the general engineering business for himself. The 
firm of John Hankin & Brother was established in 1900. 

Mr. Hankin became a member of the A.S.M.E. in 1913 and be- 
longed to the National Association of Heating and Piping Con- 
tractors, American Society of Professional Engineers, American In- 
stitute of the City of New York, and Building Trades Employers’ 
Association of New York. He was also a member of the masonic 
fraternity, the Blizzard Men of 1888 Club, and the Transportation 
Club, New York. 

Surviving Mr. Hankin are his daughter, Mrs. E. Hans Jacob, of 
New York; a brother, Dr. Walter Hankin, of Bisbee, Ariz.; a step- 
son, Dr. John Townsend, of Passaic, a son of his deceased wife, the: 
former Mrs. Ida Dieter Townsend, of Buffalo; and two grandsons, 
Robert Earl and John Edward Jacob. 


JAMES HARTNESS (1861-1934) 


The American Society of Mechanical Engineers lost one of its: 
most honored members, and the profession one of its most dis— 
tinguished engineers, in the death of Ex-Governor James Hartness, 
of Springfield, Vermont, after a long illness, on February 2, 1934. 
His loss will be deeply felt by all who have ever known him. 

James Hartness was born in Schenectady, N. Y., on September 3,. 
1861. His father, John W. Hartness, a man of dry, salty humor and 
keen understanding of human nature, moved to Cleveland in 1863, 
where he was a foreman in various machine shops. James Hartness 
was educated in the Cleveland public schools and began learning 
his trade at sixteen, at a wage of 45 cents a day, first with Younglove, 
Massey, and Company, of Cleveland, where his father was superin- 
tendent, and then in the machine shop of the Union Steel Works. 
In the latter shop he first came into contact with close, accurate work. 
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under Jason A. Bidwell, one of the fine New England mechanics of 
the older generation. Later, Mr. Hartness went to the Lake Erie 
Iron Works as a toolmaker. In 1882 he secured a position, through 
correspondence, as foreman of the Thomson, Stacker Bolt Company 
in Winsted, Conn. When he reached there the superintendent ex- 
ploded at the youth of the man whom he had hired. Hartness waited 
until the storm was over and then offered to release the firm from 
its contract but to stay until his successor was installed. He re- 
mained three years. In 1885 he went to the Union Hardware Com- 
pany, of Torrington, Conn., manufacturers of gun implements, first 
as toolmaker, then foreman, and later as inventor. During the year 
1888 he worked for a few months each at the Pratt & Whitney Com- 
pany in Hartford, at Scottdale, Pa., and with the Eaton, Cole, and 
Burnham Company in Bridgeport. 


Connection WiTH Jones & Lamson MACHINE COMPANY 
ESTABLISHED IN 1889 


He went to the Jones & Lamson Machine Company in March, 
1889, the year in which the company moved from Windsor to its 
present location at Springfield, Vermont. He was at first superin- 
tendent until 1893, then manager until 1900, and president from then 
until his retirement last year. Mr. Hartness’ going to the Jones & 
Lamson Machine Company added another to the list of great mechan- 
ics who made the history of this company, or rather the succession of 
companies of which it is a part. It began about 1838 at Windsor, 
Vermont, as the Robbins and Lawrence Company, and through the 
middle of the century, under Richard S. Lawrence, Frederick W. 
Howe, and Henry D. Stone, this small shop made engineering history. 
The ever-widening influence of their work is felt to this day. Here 
was developed and first manufactured the hand-operated turret lathe, 
the beginnings of the milling machine later known as the Lincoln 
miller, drop hammers, and many tools adapted to arms manufacture 
and other types of accurate work. Through various changes the firm 
became Lamson, Goodnow, and Yale, E. G. Lamson and Company, 
the Windsor Manufacturing Company, and in 1879 the Jones & Lam- 
son Machine Company. Mr. Hartness brought with him the funda- 
mental ideas of the Hartness flat turret lathe which he had had in his 
mind for a number of years. He undertook, as superintendent, to 
develop and manufacture this machine, and in so doing opened 
up a new period in the history of the company. Like other shops 
of the time, the successive companies at Windsor had scattered their 
energies over a wide line. An old “‘poster’’ of the Windsor Manu- 
facturing Company shows them offering engine lathes, turret lathes, 
planers, saw-mill and quarrying machinery, engines and boilers, 
trip-hammers, sewing machines, rifles, ‘‘etc., etc.’””’ Things had im- 
proved somewhat in this respect, but with the removal of the company 
to Springfield and the coming of Mr. Hartness there was a radical 
change. He concentrated its activities on a single size of the flat 
turret lathe, and the tools for it, dispensed with agents and sold direct, 
and instituted a new type of sales literature. Under his leadership 
the company rapidly acquired a world-wide recognition. This is all 
the more remarkable for its being located in a small town in a Ver- 
mont valley six miles off a minor railway, a location, by the way, 
which he always defended and said he would in no wise change. 


Services To A.S.M.E. AnD THE PUBLIC 


Mr. Hartness joined The American Society of Mechanical Engi- 
neers in 1891. He was a manager from 1909 to 1912, and vice-presi- 
dent in 1912 and 1913. On the German trip of the Society in 1913, 
President Goss was unable to go and Mr. Hartness, as senior vice- 
president, acted as head of the party on all the formal occasions. 
He did this so acceptably to all that he was elected president of the 
Society in the following year, 1914. He was president of the Ameri- 
can Engineering Council from 1924 to 1926, and as a past-president, 
served as a member of its Assembly for the six years following his 
presidential term. He therefore held the highest elective positions 
in the gift of his profession. 

In 1912 he was appointed a member of the A.S.M.E. Special Com- 
mittee on Tolerances in Screw-Thread Fits, and he served for many 
years on this and other committees on screw-thread standardization. 

His public services were as distinguished as those for the engineer- 
ing profession. He served his state as chairman of the State Board 
of Education for six years (1914-1920), was chairman of the Com- 
mittee of Public Safety during the War, and also Federal Food Ad- 
ministrator, and, in 1921 to 1923, served as the sixty-first governor of 
Vermont. In national affairs he was a member of the commission 
which represented the United States at the Inter-Allied Air Craft 
Standardization Conferences in London and Paris; and was vice- 
chairman of the Congressional Screw-Thread Standardization 
Committee from 1918 to 1920. 

He was a member of the Society of Automotive Engineers, the 
Aero Club of America, the American Astronomical Society, a Fellow 
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of the American Association for the Advancement of Science, the 
Royal Astronomical Society, the Royal Society for Encouragement of 
Arts, the Royal Societies Club of London, and the Institution of 
Mechanical Engineers in London. In 1921 he was awarded the John 
Scott Medal by the Board of Directors of the City Trusts of Phila- 
delphia, and the Edward Longstreth Medal by The Franklin Institute 
of Philadelphia. 

He is the author of a number of papers before the A.S.M.E., includ- 
ing his presidential address on ‘‘The Human Element, The Key to 
Economic Problems.’’ He also wrote two books, ‘‘The Human 
Factor in Works Management’’ which was widely distributed, and 
translated abroad, and ‘‘Machine Building for Profit.’ 

He was given the honorary degree of M.E. by the University of 
Vermont in 1910, honorary M.A. by Yale University in 1914, and 
LL.D. by the University of Vermont in 1921. 

In 1885 he married Lena Sanford Pond, of Winsted, Conn., who 
died in March, 1933. He is survived by two daughters, Anna Jack- 
son, who married Dr. William H. Beardsley, and Helen Edith, who 
married Mr. Ralph EF. Flanders. 


Mr. Harrness A Prouiric INVENTOR 


Mr. Hartness was a prolific inventor and he held patents in this 
country and abroad for more than 100 inventions. Among these was 
the flat turret lathe which he began developing from the time of his 
first coming to Springfield. In the old type of high turret lathes, de- 
veloped originally by the Robbins and Lawrence Company, the 
turret revolved about a large vertical pin and all subsequent develop- 
ment had followed that design. Mr. Hartness felt that.a stiffer and 
more accurate construction was possible and investigated the disk 
turret, the barrel turret, and the flat turret. He settled finally upon 
the flat turret which appealed to him as offering all the advantages 
of the old type with possibilities of greater stiffness and precision. 
It was low, could be clamped at points far apart, and permitted the 
location of the locking pin directly under the cutting tool. Following 
out this general design, he developed a lathe which has found wide 
use here and abroad for the large output of accurate work. Among 
the improvements were the cross-sliding head in 1903, the double- 
spindle type in 1910, and the Hartness automatic lathe. 

The Lo-Swing and Fay automatic lathes are two more machines 
invented by him, or greatly influenced by his work. In connection 
with lathes, he developed many special tools to be used in connection 
with them, and among these were the well-known Hartness threading 
dies, which became an important element in the company’s business. 
Associated with these was the Hartness thread comparator, a refined 
method for the gaging of screw threads by optical means, which not 
only tells whether the threads are off standard, but precisely wherein 
they depart from it. He also invented the Hartometer, another type 
of gage for screw-thread inspection. 


His Interest in ASTRONOMY 


Mr. Hartness’ avocations were as interesting as his vocation. 
He spent four summers on a yacht following down the coast as far 
as Chesapeake Bay. In 1916 he learned to fly and won an amateur 
pilot’s license. His interest in aviation continued throughout his 
whole life and he was largely influential in establishing a landing field 
at Springfieid as a memorial to the soldiers and sailors of the World 
War. It was at this field that Lindbergh landed for his stop in Ver- 
mont during the tour of the country after his Paris flight. 

For years astronomy claimed his attention. After suffering from a 
cold acquired in using the old-fashioned type of telescope, he devised 
the turret equatorial telescope, which was an adaptation of the 
fundamental idea of the flat turret lathe, wherein a large ring was 
substituted for one of the axes in the usual equatorial type. This 
permitted the observer to work inside, under warm and comfortable 
conditions at all times. One of the happy incidents of the A.S.M.E. 
trip in 1913 was to run into a model of this type of telescope in the 
astronomical section of the Deutsches Museum at Munich. This 
invention was the subject of a valuable paper before the Society at its 
Annual Meeting in 1911, and gained for him membership in both 
English and American astronomical societies. It was mounted over 
an underground room, one of a long series, running under the lawn in 
front of his home, connected by a heated and air-conditioned tunnel, 
and containing workrooms, library, and lounging room. Here he did 
much of his later work, and it formed a unique feature of the home 
whose charming hospitality will long be remembered. 

His interest in astronomy aroused many others, so that there is 
probably no community of size similar to Springfield where there is 
such widespread interest in astronomy and in the building of amateur 
telescopes. 

His INFLUENCE ON OTHER MEN 


An outstanding characteristic of Mr. Hartness’ life was his in- 
fluence on and encouragement of young men. A number of impor- 
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tant machines have been developed by men connected with his 
company and are now being manufactured by other firms. He dis- 
covered and helped in various ways many men now well known in 
the engineering profession, among whom are George O. Gridley, in- 
ventor of the Gridley automatic, and vice-president of the New 
Britain-Gridley Machine Company; Edwin R. Fellows, inventor of 
the gear shaper, and president of the Fellows Gear Shaper Company; 
the late William L. Bryant, who was president of the Bryant Chucking 
Grinder Company; Frederick P. Lovejoy, president of the Lovejoy 
Tool Company; and Ralph E. Flanders, who succeeded Mr. Hartness 
as president of the Jones & Lamson Machine Company. Mr. Hart- 
ness’ concentration on his own machines was so great that he would 
not be diverted in his own work by the inventions and ideas of these 
younger men, but as they brought their ideas to him he freely gave 
them help and encouragement and was a factor in their success. 

Though Springfield is a small country town, there has grown up 
there a large group of important tool-building plants, largely through 
his influence. 

Governor Hartness was one of the foremost mechanical engineers 
of this country and generation, and a splendid example of the engi- 
neer in public life. The Society holds him in affection and honor as an 
engineer and as a citizen.— J. W. Ros. 


WILLIAM JOSEPH HENNESSY (1873-1934) 


William Joseph Hennessy, a veteran of the Spanish-American War, 
died in Washington, D. C., on November 26, 1934, and was buried in 
Arlington Cemetery with military honors. When war was declared 
with Spain Mr. Hennessy was employed by the American Line Steam- 
ship Company on the St. Paul, which was taken over by the Navy 
Department and placed under the command of Captain Charles D. 
Sigsbee, who had commanded the battleship Maine. Mr. Hennessy 
enlisted as a chief machinist and served on the St. Paul until the close 
of the war. 

He was born at Jersey City, N. J., on September 27, 1873, son of 
Michael J. and Ellen T. (Clancy) Hennessy. His father was chief 
engineer in the United States Navy. After he had completed his 
high-school course in Jersey City he became an apprentice machinist 
with the William Cramp & Sons Ship & Engine Building Co. and dur- 
ing his apprenticeship also took evening courses in mechanical en- 
gineering at The Franklin Institute, and correspondence courses in 
marine engineering through the International Correspondence School. 

He entered the employ of the American Line in 1895, and with the 
exception of his six months in the Spanish-American War, was con- 
nected with the company for five years, serving from junior to second 
engineer on vessels between the United States and England. In 
1901 and 1902 he was a machinist in the Construction and Repair De- 
partment at the United States Navy Yard, New York, engaged for 
the most part in experimental work. During the next two years he 
was first assistant engineer for the Mallory Steamship Company, on 
boats running between New York and Georgia, Florida, and Texas 
cities. 

He returned to Government service in November, 1905, as chief 
engineer in the United States Coast and Geodetic Survey. During 
about eight of the twelve years he spent in this service he was con- 
nected with important surveying expeditions in the Philippines, 
Alaska, and the West Indies, as well as work on the Atlantic Coast. 
Four years were spent in shore duty in the office of the Survey at 
Washington, and in different parts of the United States. One of his 
assignments was the inspection of the steam yacht Isis in 1915, which 
was taken over by the Navy upon his recommendation. He de- 
signed, wrote the specifications,and supervised the construction of the 
boilers, engines, and auxiliaries of the steamer Surveyor, built in 1917 
for the Survey at the works of the Manitowoc Ship Building Com- 
pany in Wisconsin, and served as chief engineer on its maiden trip to 
Washington and Norfolk. 

During the World War Mr. Hennessy was inspector of engines and 
boilers for the Emergency Fleet Corporation of the United States 
Shipping Board, in connection with work being done in the Central 
States area. 

Subsequently he was superintendent, for a time, of marine engine 
construction for the Dodge Manufacturing Company, in Indiana, 
and more recently had served as chief engineer in charge of the plants 
at Woodstock College, Gonzaga College, and St. Aloysius Church, 
Washington. He was in poor health the last few years of his life. 

Mr. Hennessy received medals from the United States Navy and 
Shipping Board, and from the State of New Jersey for his war service. 

Mr. Hennessy was not married. He is survived by a brother, the 
=== 
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Reverend Charles J. Hennessy, of Woodstock, Md., and by two 
sisters, Miss Ella Hennessy and Mrs. Lydia Bahlman, both of Wash- 
ington. He became an associate-member of the A.S.M.E. in 1918. 


WILLIAM THOMAS HENRY (1845-1933) 


William Thomas Henry, of Fall River, Mass., died in that city on 
July 22, 1933. He was born there on February 27, 1845, son of 
James and Martha (Whitaker) Henry, and received his early educa- 
tion in local schools. He took courses in civil and mechanical en- 
gineering with the class of 1870 at the Massachusetts Institute of 
Technology. He then entered the employ of Josiah Brown, civil 
engineer, Fall River, and upon his death five years later took over the 
business, which he continued until his retirement from business. He 
was connected with the design and construction and engineering 
problems of many of the textile mills in that part of the country 
and the inventor of a belt-driving mechanism patented in 1910. 

Mr. Henry became a member of the A.S.M.E. in 1887 and be- 
longed to the American Historical Society in Fall River and the 
Methodist Episcopal church there. His first wife, S. Louise Hadcock, 
whom he married in 1884, died nine years later. He is survived by his 
widow, Carrie S. Henry, whom he married in 1898. 


FREDERICK WILLIAM HESPE (1889-1934) 


Frederick William Hespe, whose death occurred on April 16, 1934, 
was born in Jersey City, N. J., on July 27, 1889. He attended 
the Stevens School and Stevens Institute of Technology, Hoboken, 
N. J. His first position was with the Public Service Corporation 
of New Jersey, Newark, where he worked on machine design and in 
the claims department from 1911 to 1918. The next year was spent 
as chief inspector of metal parts for the Standard Aircraft Corpora- 
tion, Elizabeth, N. J. In 1919-1920 he was machine designer for the 
American Sawmill Machinery Company, Hackettstown, N. J., and 
from 1920 to 1923 held a similar position at the Picatinny Arsenal, 
Dover, N. J. He became co-partner of the Wharton (N. J.) Foundry 
in 1923 and owner in 1926, and engaged in the manufacture of gray 
iron castings until 1928. He then went to the Fokker Aircraft Cor- 
poration of America, Passaic, N. J., where he worked first as machine 
designer and subsequently as supervisor of the shop of the research 
department. More recently he had been supervisor of research at 
the General Aviation Manufacturing Corporation, Passiac. 

Mr. Hespe became a member of the A.S.M.E. in 1931. He is sur- 
vived by his widow, Rita Hespe. 


FRANK JOSEPH HESS (1896-1934) 


Frank Joseph Hess, instructor at Brooklyn (N. Y.) Technical 
High School from 1926 until the time of his death on December 26, 
1934, was born in Buffalo, N. Y., on August 17, 1896. His parents 
were Frank William and Mary H. (Schroeder) Hess. He secured 
his early education in the schools of Clifton, N. J., then attended the 
Stevens Institute of Technology for two years. He secured a B.S. 
degree from New York University in 1920 and his M.E. degree two 
years later. Columbia University conferred a posthumous M.A. de- 
gree upon him in February, 1935. 

Mr. Hess was an assistant superintendent with the Tidewater Oil 
Company in Bayonne, N. J., from 1920 to 1924. He was an engineer 
at Columbia University between then and the time he joined the 
faculty of the Brooklyn Technical High School. 

Mr. Hess became a junior member of the A.S.M.E. in 1921 and 
also belonged to the masonic fraternity. He was an ensign in the 
United States Naval Reserve in 1918 and a sergeant in field artillery 
in the United States National Guards, in New York, from 1926 to 
1930. He is survived by his widow, Edna M. (Flewelling) Hess, 
whom he married in 1924. 


EDWARD MARRIOTT HEWLETT (1866-1934) 


Edward Marriott Hewlett, an electrical engineer and inventor for 
many years associated with the General Electric Company and known 
for his connection with important engineering projects, died at his 
home in Schenectady, N. Y., on May 24, 1934, of a cerebral hemor- 
rhage. 

Mr. Hewlett was born at Cold Spring Harbor, L. I., N. Y., on 
September 14, 1866, ason of Edward T. and Eliza (Marriott) Hewlett. 
He was educated in private schools and by private study in civil and 
mechanical engineering and physics. From 1884 to 1890 he was 
general manager and civil engineer of the Cascade Town Improve- 
ment Company, Cascade, Colo. In 1888 he surveyed and laid out 
the first road to the top of Pike’s Peak. 

Mr. Hewlett took up electrical engineering in April, 1890, when he 
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went to work for the Thomson-Houston Electric Company, at Lynn, 
Mass., where he assembled, tested, and repaired electrical machinery. 
After about a year there he was sent to South River, N. J., where he 
worked until March, 1892, on the design and construction of em- 
broidery machinery. He was then transferred to the New York 
office of the Thomson-Houston company and assisted in the installa- 
tion of a focusing lamp and strings of incandescent lamps on the 
Statute of Liberty for the Columbian Exposition. After this work 
was completed he returned to Lynn, where he assisted in designing 
electrical switchboards for railways. 

In 1894 Mr. Hewlett went to Schenectady as assistant design 
engineer for the General Electric Company, which had taken over the 
Lynn plant. Two years later he was advanced to the position of 
design engineer in the railway department, and when the switch- 
gear department was organized in 1898 he was appointed its head. 
He was active in the work of this department until 1927, when he be- 
came consulting engineer forit. He retired from service in 1931. 

Mr. Hewlett designed switchboards for the control of the locks of 
the Panama Canal and for the Metropolitan Street Railway Com- 
pany, New York Edison Company, Manhattan Elevated Railway, 
Interborough Rapid Transit Company, and Grand Central Terminal, 
all in New York. He also handled the electric lighting of Tiffany’s 
store in New York and designed special electrical effects for outdoor 
displays. 

Between 1905 and 1907 Mr. Hewlett, in association with H. B. 
Buck, then engineer of the Niagara Falls Power Company, evolved 
the Hewlett suspension insulator, which made possible the transmis- 
sion of voltages between 100,000 and 220,000 and higher, as against 
about 60,000 volts which could be sent with the earlier pin-type in- 
sulator. In 1906 he received a silver medal at the St. Louis Exposi- 
tion for the development of the oil switch, from which sprang the 
entire modern line of oil circuit breakers, operating at high inter- 
rupting frequencies. He also originated the electrical relay, an 
indispensable factor in electrical control systems. He received the 
Coffin Award of the General Electric Company for special marine 
apparatus. He proposed and designed the modern fire-control sys- 
tem of the United States Navy, and during the World War was chief 
engineer of the Navy Experimental Station at New London, Conn. 
Altogether, Mr. Hewlett held about 160 patents for his inventions. 

Mr. Hewlett became a junior member of the A.S.M.E. in 1897 and 
a member three years later. He was a Fellow of the American Insti- 
tute of Electrical Engineers, and belonged to the masonic fraternity 
as well as to a number of clubs in New York and Schenectady, in- 
cluding the Engineers’ in New York and the Mohawk and Electrical 
in Schenectady. 

Surviving Mr. Hewlett are his widow, Mrs. Susan (Mauger) Hew- 
lett, who resides with her son, John Mauger Hewlett, of Teaneck, 
N. J.; and two other sons, Edward P. Hewlett, of Schenectady, 
and Paul Marriott Hewlett, of Albany, N. Y. 


LOUIS JOSEPH HIRT (1854-1933) 


Louis Joseph Hirt, retired consulting engineer, New York, N. Y., 
died in that city on September 20, 1933. He was born in Paris, 
France, on September 26, 1854, and was educated in that country. 
He served as an apprentice in the shop of his father, Joseph Hirt, for 
two years and secured further experience in the marine shop of Esher 
Wyss & Co., Zurich, Switzerland, and with the Northern Railroad of 
France. He went to London in 1876 and was employed successively 
by Leger & Co., manufacturers of mathematical and optical instru- 
ments, and by J. Moore as general workman on watchmaker’s tools. 
In 1878 and 1879 he was foreman, first at the Keystone Valve Com- 
pany in Wolverhampton, England, and then at the steam-pump works 
of J. Evans & Son there. 

Mr. Hirt came to the United States in July, 1880, and until the 
fall of 1882 was employed as foreman at the machine shop of Hanan & 
Lewes, New York. From then until 1885 he was superintendent 
of the machine shop of Merrill Bros., Brooklyn. He went to Ro- 
chester, N. Y., in 1885 and for two years was master mechanic of the 
Standard Nail Company there. During the next year he was chief 
draftsman at the Walker Manufacturing Company, Cleveland, Ohio, 
and from 1888 to 1890 traveling engineer for the Hill Clutch Works of 
that city. 

From 1890 to 1896 Mr. Hirt was connected with the West End 
Street Railway, Boston, Mass., as master mechanic and chief engi- 
neer. He then returned to New York, taking the position of me- 
chanical engineer for the New York Cable Railroad (later known as 
the Metropolitan). After two years with that company he became 
chief engineer for the New England Gas & Coke Co., Everett, Mass. 

In 1900 Mr. Hirt took a position as mechanical engineer for the 
Pearson Engineering Corporation, New York, later becoming its 
vice-president and continuing in that capacity until 1920. In 1906 
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he took up consulting work for the Toronto Power Company, Tor- 
onto, Canada, and the Winnipeg Electric & Manitoba Power Com- 
panies, Winnipeg, Canada, which he served until 1926. In 1910 he 
also became consulting engineer for the Brazilian Traction, Light & 
Power Co., Ltd., Mexican Light & Power Co., Ltd., and Barcelona 
Traction, Light & Power Co., Ltd., the head offices of all of which were 
located in Toronto. His service to these companies continued until 
his retirement in 1925, and he therefore played an important part in 
the inception and development of their hydroelectric properties. 
On the occasion of the golden wedding anniversary of Mr. and Mrs. 
Hirt in 1925 they were presented with a gold bowl from these three 
companies, the inscription on which included a tribute to the skill and 
technical ability of Mr. Hirt. 

Mr. Hirt held many patents in the street-railway field and on gas 
engines. He had been a member of the A.S.M.E. since 1894, and 
had belonged to the New York Athletic Club and Lawyers Club prior 
to his retirement. He is survived by a son, Edward L. Hirt, of 
Toronto, and by two daughters, Mrs. Sidonia (Hirt) Jackson, of 
South Orange, N. J., and Mrs. Florence (Hirt) Ellis, of Longmeadow, 
Mass. His wife, Alice M. (Flammand) Hirt, whom he married in 
1875, died in 1934. 


PLINY EASTMAN HOLT (1872-1934) 


Pliny Eastman Holt, director of the Caterpillar Tractor Company, 
San Leandro, Calif., died of heart disease at his home in Stockton, 
Calif., on November 18, 1934. He will be remembered not only for 
his inventions and improvements in tractors, harvesters, and other 
farm equipment, and for his service to the city of Stockton as chair- 
man of its Port Commission; but more widely for his developments 
in the field of ordnance. 

In this field Mr. Holt’s achievements were threefold. During 1917 
he assisted the Ordnance Department of the United States Army in 
the development of 21/2-, 5-, and 10-ton artillery tractors, at the Peoria, 
Ill., plant of the Caterpillar Tractor Company. He was appointed 
chairman of the Motor Artillery Board and during the remainder of 
the War was located in Washington, declining a commission and 
serving without a salary. He completed the designs for a one-man 
tank, supervised the design of a 150-ton tank, and had begun work 
on a much larger unit when the War ended. Perhaps his most out- 
standing achievement was the caterpillar gun mount, the design for 
which he completed shortly before the close of the War. Subse- 
quently he supervised the construction and testing of a working 
model. The design provided for the mounting of light- and medium- 
weight field guns directly on a caterpillar chassis, armed and equipped 
for military service, and capable of traversing terrain utterly im- 
passable to anything except a track-laying tractor. The design was 
accepted and the mount has become a standard part of army equip- 
ment. 

Mr. Holt was born at Loudon, near Concord, N. H., on August 27, 
1872. He was the son of William Harrison Holt, who, with his 
brothers, Charles and Benjamin Holt, started the firm of Holt Broth- 
ers in San Francisco in 1869. His mother was Clara Susan (Cate) 
Holt. His education, secured in the schools of Minneapolis, Minne- 
sota, included three years’ special work in mechanical and electrical 
engineering at the University of Minnesota. 

At the age of 23 Mr. Holt took a position with the Carter Brake 
Company, in Chicago, Ill., as superintendent, and for about a year was 
engaged in the manufacture of a special street-car brake. In 1896 
he became a draftsman for the Holt Manufacturing Company at the 
Stockton plant. He was made superintendent in 1903, vice-president 
in 1906. He was also president of the Aurora Engine Company and 
treasurer of the Houser & Haines Manufacturing Co. He resigned 
these positions in 1909 to establish the Holt Caterpillar Company at 
Peoria, but after serving the new company as president and general 
manager for about a year he was forced to resign because of ill health. 
In 1912 he became vice-president and general manager of the Holt 
Manufacturing Company, at Stockton, with which had been con- 
solidated the Holt Caterpillar Company, Aurora Engine Company, 
and Houser & Haines Manufacturing Co. Ill health again neces- 
sitated his retirement as manager in 1916, but he retained the office 
of vice-president, and since the close of the War had served the 
company as director. 

The inventive ability of Mr. Holt accounted in a large measure 
for the success of the Holt company and the industrial growth of his 
community. Nearly all of the agricultural machinery manufactured 
by the company was designed by him or had met improvement at his 
hands. 

In recent years Mr. Holt had given much of his time to civic activi- 
ties, and particularly to the Stockton Port Commission, of which he 
had been chairman since its formation. His careful, first-hand study 
of the industrial and technical details of the development of the port 
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were invaluable. He was a member of the Statewide Water Commis- 
sion and had sponsored the movement for the construction of the 
Central Valley Water Project. He belonged to the San Francisco 
and Stockton Chambers of Commerce, was a director of the Stockton 
Land, Loan and Building Association, and a member of the advisory 
board of the Bank of America. 

Mr. Holt became a member of the A.S.M.E. in 1915 and also be- 
longed to the Society of Automotive Engineers, Society of Agricultural 
Engineers, Institute of Radio Engineers, American Association for the 
Advancement of Science, and other engineering and scientific or- 
ganizations, as well as to the masonic fraternity and to many clubs. 
He was a director of the Army Ordnance Association and president 
of the San Francisco post of the Association. 

In addition to his widow, Mrs. Florence (Guernsey) Holt, whom he 
married in 1909, he is survived by three sons and a daughter, Pliny 
Guernsey Holt, Frank Harrison Holt, Richard Eastman Holt, and 
Miss Harriet Holt. 


BRONSON LOVETT HUESTIS (1890-1934) 


Bronson Lovett Huestis, who died on May 29, 1934, was born in 
Long Island City, N. Y., on June 15, 1890, the son of Robert Sidney 
and Hanna M. (Isberg) Huestis. He attended the Erasmus Hall 
High School and Brooklyn Polytechnic Institute, receiving his 
mechanical engineering degree in 1913. Prior to his graduation, 
in the summer of 1912, he worked as a patent draftsman. 

During the latter part of 1913 and early 1914, Mr. Huestis taught 
evening classes in machine design at Brooklyn Polytechnic Institute 
and was employed daytimes by the Stresau Engineering Company, 
Brooklyn, on the design of special machinery. He was next employed 
by the International Callophone Corporation, New York, N. Y., 
first as draftsman on new types of telephone apparatus and later in 
charge of a small machine shop for developing this apparatus. Later 
in the year he assisted his father in connection with plumbing and 
wiring for new residences. After a period of illness he again became 
connected with Brooklyn Polytechnic Institute, as instructor in 
raachine-shop practice and toolmaker for laboratory apparatus. 

At the close of the school year in 1915, Mr. Huestis entered the 
employ of Westinghouse Church Kerr & Co., New York. He was 
connected with that company until November, 1917, working as 
draftsman on sanitation, heating, and ventilation layouts for plants, 
and testing materials of construction, principally concrete and steel. 

In November, 1917, Mr. Huestis became assistant inspector of 
ordnance matériel for the Ordnance Department of the United 
States Army, and until April, 1919, was stationed in Connecticut, his 
duties being at the New Britain Machine Company and the Win- 
chester Repeating Arms Company, New Haven. He was in charge 
of a division of ballistic tests of small-arms ammunition, and the 
selection of all Government test specimens at the Winchester com- 
pany. 

In the fall of 1919 he returned to civilian work with the Pratt 
Engineering & Machine Co., New York, in charge of the mechanical 
design department, working particularly on chemical plants and 
equipment. This led to his connection two years later with the Dorr 
Company, New York, as designer of chemical plants and equipment 
and the following year as designer of sugar-mill equipment and plants 
for the Francisco Sugar Company, New York. 

Beginning in December, 1922, Mr. Huestis was employed by the 
American Railway Association, New York, until his death. He was 
first connected with the Freight Container Bureau, inspecting 
methods of fruit packing all over the United States, and also carrying 
on independent research work on freight handling and preparing 
articles for the technical press on this subject. His book on ‘“‘Ship- 
ping Containers’’ was published in 1925. In 1923 he became super- 
visor of the Accident Department of the Bureau of Explosives and 
subsequently was editor of the ‘‘Accident Bulletin’ published by the 
Bureau. 

Mr. Huestis became a junior member of the A.S.M.E. in 1913, an 
associate-member in 1917, and a member in 1923. He was par- 
ticularly interested in photography, including motion-picture photog- 
raphy. He was unmarried. 


EDWARD WALTER JONES (1889-1934) 


Edward Walter Jones, vice-president and manager of the Laclede 
Stoker Company, St. Louis, Mo., died in that city on March 24, 1934. 
He is survived by his widow, Marguerite (Rickert) Jones, whom 
he married in 1920, and by two children, Edward R. and Marion F. 
Jones. 

Mr. Jones was born in Chicago, Ill., on March 10, 1889, son of 
Lewis F. and Margaret (Goss) Jones. After securing a B.S. degree 
at the University of Illinois in 1911 he became testing engineer for 
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the Commonwealth Edison Company, Chicago, and remained in that 
position until 1916. He then worked for the American Tar Products 
Company, Chicago, as fuel and power engineer for about three years. 
In 1919 he became chief engineer of the Stoker Department of Laclede- 
Christy Clay Products Company in St. Louis. He supervised the 
design and development of the Laclede chain-grate, forced-draft 


stoker. He became vice-president and manager of the Laclede Stoker 
Company in 1924. He was also active in smoke-abatement work in 
St. Louis. 


Mr. Jones became a member of the A.S.M.E. in 1930 and belonged 
to the Prairie Club in Chicago. 


ALFRED JOHN JUPP (1875-1934) 


Alfred John Jupp, a vice-president of The Lunkenheimer Com- 
pany, Cincinnati, Ohio, died of a cerebral hemorrhage at the Roosevelt 
Hospital, New York, N. Y., on April 10, 1934, while in the city on 
business. 

Mr. Jupp was born in Cincinnati on June 25, 1875, son of Basil 
John and Rosina (Kolker) Jupp. He entered the employ of The 
Lunkenheimer Company at the age of fifteen. In 1896 he was made 
New York representative and continued in that position until 1913. 
He then returned to the home office, becoming a vice-president and 
director of the company. 

Mr. Jupp was active in the Manufacturers Standardization Society 
of the Valve and Fittings Industry and in the Valve and Fittings 
Institute, and for a number of months prior to his death had con- 
tributed much of his time to code work on behalf of the Institute, 
under the National Industrial Recovery Act. He was a member of 
the American Committee to the World Power Conference in 1930. 

He became an associate of the A.S.M.E. in 1917 and also belonged 
to the American Society for Testing Materials, Society of Naval 
Architects and Marine Engineers, American Petroleum Institute, 
Zoological Society of Cincinnati, American Red Cross Society, 
masonic fraternity and Elks, and the Engineers’, Cincinnati, Queen 
City, and Cuvier Press Clubs in Cincinnati. He was unmarried and 
made his home with his sister, Mrs. Sarah J. Rice. 


HERBERT EUGENE KAIGHN (1875-1934) 


Herbert Eugene Kaighn, consulting engineer, Wilmington, Del., 
died on March 18, 1934. He was born at Washington, D. C., on 
August 19, 1875. During his high-school vacations he secured prac- 
tical experience in the ordnance drafting room at the Navy Yard at 
Washington, and subsequently took instruction in ordnance con- 
struction and electrical engineering there and at the Naval Torpedo 
Station, Newport, R.I. He also took private lessons in electrical and 
mechanical engineering. 

From 1894 to 1896 Mr. Kaighn was in charge of an electrical 
course for officers at the Naval Torpedo Station at Newport, and the 
next year was assistant engineer for the Newport Illuminating 
Company. In 1898-1899 he was in charge of electrical equipment, 
marine district, for the New York, New Haven, and Hartford Rail- 
road. From 1900 to 1904 he was again at the Naval Torpedo Station, 
as ballistic engineer in charge of the powder factory and naval maga- 
zine, and the following two years he held a similar position at the 
Naval Proving Ground, Indian Head, Md. During the early part 
of 1907 he was at Philadelphia, Pa., in charge of manufacture of 
powder for the army and navy and the design of machinery for that 
purpose, and was also inspector of ordnance at the Midvale Steel 
Works. 

Later in 1907 Mr. Kaighn entered the employ of the HE. I. du Pont 
de Nemours Powder Co. at Wilmington as ballistic and experimental 
engineer in charge of all ballistic and physical tests of powder and the 
design and improvement of methods and apparatus used in this 
connection. He remained with the company until 1917, when he 
established a consulting practice, specializing in designing wiring 
systems for hospitals and other institutions. Since 1926 he had 
specialized in radio and acoustic and amplifying systems. He was 
also consultant for the American Car & Foundry Co. on marine in- 
stallations. 

Mr. Kaighn became a member of the A.S.M.E. in 1913. He also 
belonged to the American Institute of Electrical Engineers and the 
United States Naval Institute. 


FREDERICK KAREL (1882-1934) 


Frederick Karel, appointed car designer by the Board of Trans- 
portation of the City of New York in 1927, died on December 8, 
1934, after a short illness. 

Mr. Karél was born in New York on February 26, 1882, the son of 
William and Antoinette (Pekarek) Karel. He attended Cooper Insti- 
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tute from 1902 to 1905 and later took a course in mechanical engi- 
neering through the International Correspondence School. Between 
1905 and 1920 he was employed nearly all the time by the Central 
Railroad of New Jersey as locomotive and car designer. Between 
1909 and 1916, while serving as senior mechanical draftsman in the 
office of the superintendent of motive power he instructed appren- 
tices in mechanical drawing and elementary mechanics. He was 
boiler and construction engineer for the company from 1916 to 1920. 

During the next four years Mr. Karel was inspector of locomotives 
and equipment for the United States Railroad Administration and the 
Interstate Commerce Commission, and from then until his appoint- 
ment by the Board of Transportation was chief draftsman in the office 
of the superintendent of motive power of the Long Island Railroad 
Company. He did important design work for the Board of Trans- 
portation on the 207th Street Shops, Concourse, and Jamaica Yards 
and in 1911 patented a coupling carry-iron. 

Mr. Karel became an associate-member of the A.S.M.E. in 1921 
and belonged to the masonic fraternity. He is survived by his 
widow, Louise (Vanek) Karel, whom he married in 1908, and by a 
daughter, Mrs. Frances (Karel) Connolly, and two sons, Frederick 
and Arthur Karel. 


EDWARD J. KEARNEY (1868-1934) 


Edward J. Kearney, secretary and treasurer of the Kearney & 
Trecker Corporation, Milwaukee, Wis., died in that city on January 
12, 1934, of pneumonia, after having been in failing health for several 
months. 

Mr. Kearney was born at Little Cedar, Mitchell County, Iowa, on 
April 7, 1868, the son of James Hamilton and Emeline (Smith) 
Kearney. Left an orphan at the age of 12, he began work as an 
engine wiper in a roundhouse on the Chicago, Milwaukee & St. Paul 
R.R. at Egan, 8. D. He continued in the employ of the road, work- 
ing in various capacities, until a year after his graduation, in 1893, 
from Iowa State College, from which he received the degree of 
Bachelor of Mechanical Engineering. During the year following 
his graduation he was located in the West Milwaukee locomotive 
shops. 

In June, 1894, Mr. Kearney took a position as draftsman with the 
Kempsmith Machine Tool Company, Milwaukee, manufacturers of 
milling machines. Here he met Theodore Trecker and in 1898, dur- 
ing the Spanish-American war, the two friends decided that if Ad- 
miral Dewey were victorious they would start in business together. 
On May 17, 1898, therefore, a partnership was formed under the 
name of Kearney & Trecker for the manufacture of milling machines. 
The business was incorporated under its present name in 1906. 

Mr. Kearney became a member of the A.S.M.E. in 1913. He 
served a five-year term on the Society’s standing committee on 
standardization, terminating as chairman of the committee during 
1930. He then became chairman of the Sectional Committee on 
Allowances and Tolerances for Cylindrical Parts and Limit Gages. 
After serving the National Machine Tool Builders’ Association as 
vice-president for four years he was elected its president in 1922. 
He was also secretary and treasurer of the Kearney & Trecker In- 
vestment Co., a director of the LeRoi Company, a trustee of Mil- 
waukee Downer College, and one of the original members of the 
Wisconsin State Board of Vocational Education. During the 
World War he acted as Director of Sales for the Liberty Loan drives 
in the Seventh Federal District. He belonged to the Delta Tau Delta 
fraternity and to a number of clubs in Milwaukee and vicinity. 

Mr. Kearney married Ella B. Norton in 1895, and is survived by 
her and by two daughters, Katherine (Kearney) Carpenter and Alice 
(Kearney) Fuldner. 


WILLIAM THOMAS KEOUGH (1866-1933) 


William Thomas Keough, whose death occurred on January 20, 
1933, was born in Boston, Mass., on December 22, 1866. He was 
graduated from the special course in marine engineering and naval 
architecture at the Massachusetts Institute of Technology in 1888, 
and after taking post-graduate work and lecturing at the Institute he 
entered the employ of the Atlantic Works in East Boston. He re- 
mained there nine years, the last five as chief engineer. 

For the next ten years he carried on work in his own private office 
as consulting engineer in marine engineering and naval architecture. 
Then he was elected a member of the Boston School Committee 
and from 1907 to 1924 held the position of business agent for the 
school board, establishing modern and efficient business methods. 
He was appointed a member of the Boston Finance Commission by 
Governor Allen in 1930 and held that position until his death. 

Mr. Keough became a member of the A.S.M.E. in 1900 and be- 
longed also to the Society of Naval Architects and Marine Engineers 
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and the American Society of Marine Engineers. He was a trustee 
and member of the board of investment of the Home Savings Bank 
and a director and vice-president of the Enterprise Cooperative 
Bank. He was a member of the Charitable Irish Society and presi- 
dent of the Catholic Alumni Sodality. He is survived by his widow, 
who was Rose Butler, of Boston, and by two sons, Paul and John, 
and a daughter, Katherine. 


JAMES WALTER LAWRENCE (1858-1933) 


James Walter Lawrence, emeritus professor of the Colorado Agri- 
cultural College, Fort Collins, since his retirement in 1917, died on 
April 3, 1933. 

He was born on December 14, 1858, at Toronto, Ontario, Canada, 
the son of George and Honora (Naughton) Lawrence. His early 
education was secured in the public schools of Boston, and he subse- 
quently attended the Massachusetts Institute of Technology. 
After working for several years at the Pacific Mills, Lawrence, Mass., 
he became a member of the faculty of the Colorado Agricultural 
College, teaching mechanical engineering and directing the shops 
and laboratory. He was acting president in 1892 and dean of the 
faculty from 1907 to 1913. The college conferred an M. E. degree 
upon him in 1902. 

Professor Lawrence also served as president of the Fort Collins 
School Board from 1902 to 1912. He belonged to the Fort Collins 
Lodge of Masons and the Colorado School Masters Club, and was 
treasurer of the Fort Collins Pioneer Society and a member of the 
St. Lukes Episcopal Church of Fort Collins. He became a member 
of the A.S.M.E. in 1892. 

Professor Lawrence is survived by his widow, Elizabeth (Coy) 
Lawrence, whom he married in 1890, and by a son, George Coy 
Lawrence, of Rochester, N. Y. 


RUSSELL ELLSWORTH LAWRENCE (1889-1934) 


Russell Ellsworth Lawrence, founder of the Lawrence Institute of 
Technology, located at Highland Park, Mich., died at his home in 
Redford, Mich., on June 15, 19384. He founded the Institute in 1932 
and headed it as president and dean. It was his wish that the school, 
which in 1933-1934 had an enrolment of more than eight hundred 
students, be continued as an institution where any student, re- 
gardless of financial status, religion, or nationality, may secure en- 
gineering training. 

He was born in Terre Haute, Ind., on November 4, 1889, a son of 
Ellsworth Lyman and Mary C. (Holmes) Lawrence. He received a 
B.S. degree in mechanical engineering from Rose Polytechnic Insti- 
tute in 1913 and during the next three years was employed in steam- 
turbine research for the General Electric Company at Lynn, Mass. 
He then took graduate work at Rose Polytechnic Institute for his 
master’s degree, which he received in 1916. Subsequent work to- 
ward his doctor’s degree at the University of Cincinnati was inter- 
rupted by the World War, and he served in 1918-1919 as a sergeant 
in the Signal Corps, Aviation Section, United States Army. 

From 1919 to 1922 he taught mechanical engineering at the Uni- 
versity of Detroit and was acting dean of the College of Engineering. 
He became dean in 1922 and held that position until he founded 
the Lawrence Institute of Technology in 1932. He also did a great 
deal of consulting work while at the University of Detroit. 

He became a member of the A.S.M.E. in 1929 and also belonged 
to the Society of Automotive Engineers and The Franklin Institute, 
and was a member of the masonic order and Phi Kappa Upsilon frater- 
nity. He is survived by his widow, Mrs. Frieda Lawrence, and by 
two daughters. 


WILLIAM STATES LEE (1872-1934) 


’ 


William States Lee, inventor of the ‘‘Lee pin,” an insulator pin 
used to support large insulators in the transmission of power, and a 
noted figure in the industrial development of the Carolinas, died at 
at his home in Charlotte, N. C., on March 24, 1934, of a cerebral 
hemorrhage. The American Institute of Electrical Engineers, of 
which he was a past-president, published a tribute in the July, 1934, 
issue of Electrical Engineering, which read, in part: 

“Throughout his career, his ability as an engineer, his keen per- 
ception of the controlling factors in any situation encountered, and his 
constant attention to the human values involved made him an out- 
standingly effective and a highly respected leader of men. 

“As president of the American Engineering Council, during the 
years 1932 and 1933, he worked intensively and enthusiastically to 
make the engineering profession as helpful as possible in all problems 
invelving engineering and affecting the public welfare.” 

William States Lee was born at Lancaster, S. C., on January 28, 
1872, one of nine children of W. S. and Jenny Lind (Williamson) Lee. 
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He attended public school at Anderson, 8. C., and was graduated as a 
civil engineer in 1894 from the South Carolina Military Academy at 
Charleston, now The Citadel. He had held a scholarship in return 
for which he was obligated to teach for two years in the public schools 
of the state. In February, 1896, he secured a position with the 
Greenwood-Anderson & Western Railway. He spent five months 
in the drafting room, three months as transitman on location, and 
then was resident engineer on construction until March, 1897. He 
next became resident engineer with the Anderson Water, Light & 
Power Co., on a hydroelectric development on the Seneca River, 
about ten miles from Anderson. His first assignment was to string a 
transmission line across the river, a task in which others had failed. 
He was successful and before the close of the year had completed the 
plant and put it into operation. Following this he served for several 
months as resident engineer on construction for the Pickens Railway. 

From March to November, 1898, Mr. Lee was connected with the 
United States Engineering Department as assistant engineer on coast 
defense. He helped with work on forts on Charleston Harbor and 
assisted in mining the harbor. He was next associated with the 
Columbus (Ga.) Power Company. From November, 1898, to Sep- 
tember, 1901, he was resident engineer for the company, and from 
then until March, 1903, was its chief engineer. He directed a 8000- 
hp hydroelectric development and also the construction of a 27,000- 
spindle fine-yarn mill. 

In 1903 Mr. Lee became chief engineer for the Catawba Power 
Company, Charlotte, a post which brought him into contact with 
James B. Duke, the tobacco manufacturer. His first task, to dam a 
river at a plant near Rock Hill, S. C., after three previous attempts to 
do so had been unsuccessful, was finished in seven months. This 
was the beginning of the Carolinas superpower system, financially 
backed by Mr. Duke and designed and built under the direction of 
Mr. Lee. He served as vice-president and chief engineer of the 
Southern Power Company, which took over the Catawba Power 
Company, and later became vice-president and chief engineer of the 
Duke Power Company, holding this position until his death. 

In addition to the huge Carolina system, Mr. Lee designed and 
built the Isle Maligne station of the Duke-Price Power Company 
on the Saguenay River, in Quebec, Canada, and was associated with 
other projects on the Saguenay, part of the Duke system in that 
section. 

So high was Mr. Duke’s regard for him that his will provided 
that Mr. Lee be a trustee of the great Duke foundation of some 
$80,000,000. 

Mr. Lee was president of the W. S. Lee Engineering Corp., of 
Charlotte, and was retained as consulting engineer on many hydro- 
electric projects throughout the East and South. He designed and 
built and for years had operated the Piedmont & Northern Railway, 
a high-speed, 1,500-volt, direct-current railroad, consisting of about 
160 miles of track located in North and South Carolina, an accepted 
model of electric-railway design, carrying both freight and passengers. 

During the World War his advice was sought in connection with 
plans for naval fortifications along the Atlantic seaboard. He was a 
director of the American Cyanamid Company, and vice-president 
and chief engineer of the Great Falls Power Company, Western 
Carolina Power Oompany, Wateree Power Company, Catawba 
Manufacturing & Electric Power Co., Duke-Price Power Company, 
and the Quebec Development Company, Ltd. 

Mr. Lee became a member of the A.S.M.E. in 1907. He also 
belonged to the Engineering Institute of Canada, the American 
Society of Civil Engineers, the American Electrochemical Society, 
the masonic fraternity, and various clubs. In 1929 he was given an 
honorary degree of Doctor of Science by Davidson College, and he 
was a trustee of North Carolina State College of Agriculture and 
Engineering. 

He married Miss Mary Martin, of Columbus, Ga., in 1901, and is 
survived by her and their three children, William States Lee, Jr., 
Mrs. William H. Williamson, and Martin Lee. 


WILLIAM HENRY LEFFINGWELL (1876-1934) 


William Henry Leffingwell, president of W. H. Leffingwell, Inc., 
New York, N. Y., died at his home in Westfield, N. J., on Decem- 
ber 19, 1934, of pneumonia. 

Mr. Leffingwell was born on June 14, 1876, in Woodstock, Ontario, 
Canada, the son of American parents, Wendell Phillips and Mary 
Catherine (Edwards) Leffingwell. After attending high school in 
Grand Rapids, Mich., he spent ten years as stenographer, clerk, and 
office manager for different companies. From 1904 to 1910 he was 
general manager of several large mail-order publications in New 
York, no longer published. From then until the outbreak of the 
World War he was in Europe acting as professional office organizer for 
various firms. 
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With this varied and practical background Mr. Leffingwell entered 
more seriously upon his career as a business efficiency expert. He was 
organization and management engineer at the Chicago Ferrotype 
Company in 1914-1915, and from then until 1918 was manager of 
the office-efficiency department of L. V. Estes, Inc., industrial engi- 
neers of Chicago. By 1918 he had founded the W. H. Leffingwell 
Company in Chicago. Two years later the name was changed to 
The Leffingwell-Ream Company, management engineers, and subse- 
quently the firm was incorporated in New Jersey under its present 
name. 

Mr. Leffingwell believed that for efficient management of an office 
a highly specialized knowledge was necessary. He applied scientific 
methods to his task by dividing office management into 93 parts, 
thus permitting a test rating to be given to each. Then suggestions 
for improvement were made on the resulting diagnosis. He con- 
sidered office management inefficient unless each of the 93 parts had 
the best known practice. 

Mr. Leffingwell was the author of a number of books and pam- 
phlets, as well as of articles for scientific societies to which he be- 
longed. His book on ‘‘Scientific Office Management,” published in 
1917, was one of the first on the application of engineering principles 
to the office. His ‘‘Office Management Principles and Practice,”’ 
published in 1925, is used as a textbook in many schools and colleges. 
He contributed articles on office management and office appliances to 
the Encyclopedia Britannica and in 1928 was associate editor of the 
magazine System. He read papers at the Third International Con- 
gress of Scientific Management in Rome, 1927, the fourth congress 
in Paris, 1929, when he was official delegate from the United States, 
and the fifth congress in Amsterdam, in 1932. He had prepared a 
paper for the sixth congress to be held in London in 1935. 

As aids in carrying out his principles Mr. Leffingwell invented a 
typewriter measuring scale, a desk and a posture chair for clerks, 
and a lighting-demonstration device. He enjoyed amateur photog- 
raphy, sculpture, handicraft, and gardening. 

Mr. Leffingwell became an associate of the A.S.M.E. in 1921. He 
was a past-president of the National Office Management Association 
and was president of the Taylor Society at the time of his death. 
He was a member of the Society of Industrial Engineers and chairman 
of its New York Chapter, and belonged to the American Management 
Association, the Association of Consulting Management Engineers, 
the Engineers’ and City Clubs, New York, the Union League Club, 
Chicago, and the Sons of the American Revolution. 

Mr. Leffingwell married Miss Anna Short, of Chicago, in 1900, and 
is survived by her and by two daughters, Evelyn E. (Mrs. Joseph W.) 
Lewis and Dorothy A. (Mrs. Harold F.) Scribner, both of West- 
field. His father, two sisters, and a brother, also survive him. 


SYLVESTER MAURICE LEONARD (1896-1934) 


Sylvester Maurice Leonard, born in Northampton, Mass., on 
August 16, 1896, died in the Bridgeport (Conn.) Hospital on Decem- 
ber 31, 1934. Mr. Leonard, whose parents were James Sylvester 
and Felicie (Gillet) Leonard, supplemented his grammar school 
education with study through correspondence schools and by 
evening work at the New Haven College. He served an apprentice- 
ship in drafting at the Baird Machine Company, Stratford, Conn., 
and worked as a special machine designer there between 1916 and 
1921. Although not continuously employed during the next two and 
a half years he gained experience in shoe and paper machinery and 
miscellaneous tool work. During the summer of 1923 he was drafts- 
man at the Continental Paper & Bag Mills, and the following winter 
worked on wire-drawing and wire machinery for the Waterbury Ma- 
chine Company. From then until his death he was employed by the 
Crawford Oven Company, New Haven. He was senior draftsman 
for about three years and had been chief draftsman since then. 

Mr. Leonard became an associate-member of the A.S.M.E. in 
1930 and belonged to the masonic fraternity and Odd Fellows. He 
married Beatrice Hudson in 1925, and is survived by her and their 
son, Raymond Frederick Leonard. 


EDWIN S. LORSCH (1869-1934) 


Edwin S. Lorsch, whose death occurred on October 4, 1934, was 
born in New York, N. Y., on November 19, 1869, a son of Sigmund 
and Jenny (Simon) Lorsch. He was graduated from the Stevens 
Institute of Technology in 1891 as a mechanical engineer and during 
the next two years worked in the drafting, testing, and erecting de- 
partments of the Geo. F. Blake Manufacturing Co., manufacturers of 
pumping machinery, East Cambridge, Mass. He then returned to 
New York, where he was employed by the Electrical & Mechanical 
Engineering Co. and in the New York office of the Fort Wayne Elec- 
tric Company until he became a member of the firm of Sussfeld, 
Lorsch & Co., in 1896. 
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Mr. Lorsch was responsible for the organization of the export 
department of the company in 1899 and for many years was in 
charge of this department. The firm was reorganized to Sussfeld, 
Lorsch, and Schimmel on January 1, 1920, and he remained a member 
of the firm until it was dissolved in 1929. 

Mr. Lorsch became a member of the A.S.M.E. in 1903 and be- 
longed to the North Shore Country Club and Harmonie Club of 
New York. He had made several trips around the world, recorded 
in a collection of photographs which he took. He was unmarried 
and is survived by his brother, Henry Lorsch, of New York. 


JAMES LYMAN (1862-1934) 


James Lyman, consulting engineer, retired, for the firm of Sar- 
gent & Lundy, Chicago, IIl., died on March 28, 1934, at Del Monte, 
Calif., where he had been spending the winter months with his son, 
Oliver B. Lyman. 

Mr. Lyman was born at Middlefield, Conn., on September 1, 1862, 
the son of David and Catherine (Hart) Lyman. He was graduated 
from the Sheffield Scientific School of Yale University in 1883 with 
the degree of Ph.B. and during the summer and fall of that year was 
foreman of the machine shops of the Metropolitan Manufacturing 
Company, at Middlefield. 

In December, 1883, Mr. Lyman became construction electrician 
for the Edison Construction Company, with which he remained 
about six months, assisting in the installation of a number of lighting 
plants in Pennsylvania and Ohio. During the next two years he was 
assistant superintendent of the Marr Construction Company, which 
was organized to take over the construction work for the Edison 
company. He had entire charge of the installation of plants at a 
number of places in Pennsylvania, including Johnstown, Wayne, and 
DuBois, and also gave exhibitions of incandescent lighting. 

Resigning from the Marr company in 1886, Mr. Lyman returned 
to Middlefield as superintendent of the shops and foundry of the 
Metropolitan Manufacturing Company, in which his family held an 
interest. During the seven years he spent there the company be- 
came part of the American Wringer Company. 

In 1893 Mr. Lyman took up post-graduate engineering work at 
Sibley College, Cornell University, and received an M.E. degree in 
1894 and M.M.E. degreein 1895. He then entered the employ of the 
General Electric Company at Schenectady and as assistant to Dr. 
Charles P. Steinmetz conducted special experimental testing and 
designed electric apparatus. Later he was transferred to the power 
and mining department and in 1899 was appointed assistant engineer 
of the Chicago branch of the company. Three years later he became 
district engineer and continued in that capacity until 1911. 

From 1911 until his death Mr. Lyman was associated with the 
firm of Sargent and Lundy, Inc., as electrical engineer, member 
of the firm, vice-president (1926-1930), and as consultant retired 
since 1930. 

Mr. Lyman became a member of the A.S.M.E. in 1899, was a 
Fellow of the American Institute of Electrical Engineers, and belonged 
also to the American Electrochemical Society, Western Society of 
Engineers, and the Institution of Electrical Engineers. He was a 
member of the University and Union League Clubs, Chicago, and 
several clubs in Evanston, where he made his home for more than 
thirty years. 

Mr. Lyman married Miss Anna J. Bridgman, of Boston, Mass., in 
1891. 


WALTER ARNOLD LYNCH (1902-1934) 


Walter Arnold Lynch, who died of typhoid fever and meningitis 
at Carrizo Springs, Texas, on September 23, 1934, was born in 
Philadelphia, Pa., on August 16, 1902, the son of Edmund Wright 
and Alice (Clayton) Lynch. He attended high school in Darby, Pa., 
and received a B.S. degree in mechanical engineering at Drexel Insti- 
tute, Philadelphia, in 1926. 

Between the time of his graduation and 1929, Mr. Lynch engaged 
in farming in Carrizo Springs and was employed at different periods 
by the Atlantic Refining Company, Philadelphia, in the conversion 
of a ship from steam to Diesel-electric drive; by the Mayhue Lumber 
Company in the installation of deep-well pumps; and by the Central 
Power & Light Co. in the installation of refrigeration machinery. 

In 1929 he secured employment as a junior hydraulic engineer 
with the Texas State Board of Water Engineers in an underground 
water survey, and in 1933 began similar work with the United States 
Geological Survey, with which he was connected at the time of his 
death. 

Mr. Lynch had devised a portable device for testing for salt water 
in deep wells and for determining the position of the salt-water leaks. 
He also designed and constructed a wind-driven generator for charg- 
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ing a storage battery on his farm, and had constructed many models 
for airplanes. Radio was perhaps his principal hobby; he had con- 
structed many sets and was a licensed amateur sender. 

He served as chairman of the A.S.M.. Student Branch at Drexel 
Institute in 1926 and became a junior member of the Society upon 
his graduation. He was also president of the Phoenix Club at the 
Institute in 1926, and served as a sergeant in the Headquarters 
Battery of the 108th Field Artillery of the Pennsylvania National 
Guard from 1921 to 1925. He was unmarried. 


NELSON THEODORE MANN (1899-1934) 


Nelson Theodore Mann, who had been employed as a research 
analyst since 1927 by Scudder, Stevens & Clark, New York, N. Y., 
died on February 17, 1934, of pneumonia. He is survived by his 
widow, Beatrice Smith Mann, whom he married in 1928, and by a 
son, Timothy Charles Nelson Mann. 

Mr. Mann was born at Hawley, Mass., on November 10, 1899, 
attended the Medford (Mass.) High School, and secured an S.B. 
degree in Mechanical Engineering at the Massachusetts Institute of 
Technology in 1923. He spent one vacation as rodman for the Scully 
Construction Company, Boston, and several with the New York 
Central Railroad, working as pipefitter’s helper and in other capaci- 
ties in the Electrical Department. He served nine months in the 
United States Marine Corps during 1918. 

After his graduation Mr. Mann served a special apprenticeship 
with the Westinghouse Air Brake Company, Wilmerding, Pa., and 
worked for that company as assistant to the mechanical engineer and 
as commercial engineer for a time prior to his connection with Scud- 
der, Stevens & Clark. His work for the latter company had been 
mainly on machinery, tin containers, railroad equipment, and non- 
ferrous metal mining, analyzing their investment possibilities. 

Mr. Mann became a junior member of the A.S.M.E. in 1924, and 
belonged to the New Rochelle Tennis Club and the Huguenot Yacht 
Club. 


NORMAN ISAAC MARSHALL (1865-1933) 


Norman Isaac Marshall, who died in New York, N. Y., on March 
28, 1933, was born at Hampstead, N. H., on December 6, 1865, the 
son of Isaac Hull and Julia (Bement) Marshall. He prepared for 
college at the Bromfield Academy, Harvard, Mass., and was gradu- 
ated from Worcester Polytechnic Institute in 1886 with a B.S. de- 
gree in mechanical engineering. 

For several years following his graduation Mr. Marshall was em- 
ployed by the Marr Construction Company, assisting in the erection 
of central-station light and power plants in Pennsylvania, Ohio, and 
Wisconsin. _ He next had charge of similar work for the Westinghouse 
Electric & Manufacturing Co. in Texas, later becoming eastern 
manager for the company, with headquarters in Boston. From 1901 
to 1903 he was designer of machinery and fittings and superintendent 
of shops for the Star Electric Company, Philadelphia, Pa., and dur- 
ing the next two years manager of the Iona Manufacturing Company 
and Anchor Electric Company, Boston. 

In 1905 Mr. Marshall went into business for himself as owner and 
manager of the Marshall Electric Company, Boston. Subsequently 
he sold this business and formed the Elastoid Fibre Company, in 
West Newton, Mass., later located in Waltham, Mass. He was 
president and treasurer of the company until its sale in 1927, since 
when he had not been active in business except for consulting 
work. 

Mr. Marshall held many patents in the electrical and mechanical 
fields. He was one of the first to manufacture sockets, switches, 
fuses, etc., and patented the first automatic machinery for the manu- 
facture of incandescent bulbs. From 1916 to 1918 he was connected 
with the science and research department of the United States War 
Department, and jointly with Dr. Louis Bell invented and perfected 
the ultra-violet signalling apparatus for use in the Signal Corps during 
the World War. 

Mr. Marshall served as a lieutenant in the naval militia during the 
Spanish-American War. 

Since 1927 Mr. Marshall had spent a great deal of his time in travel. 
He was an excellent shot with the rifle and had hunted big game in 
Alaska, China, and India. He wrote several articles on hunting for 
publication, and had also written some short stories. He greatly 
enjoyed walking and mountain climbing and was an able botanist. 

Mr. Marshall became a member of the A.S.M.E. in 1910 and also 
belonged to the American Institute of Electrical Engineers, Boston 
University Club, Lake Placid Club, and Appalachian Mountain Club. 

He married Miss Hortense Carver in 1898 and is survived by her 
and by three children, Thomas C. Marshall, of Fairfield, Conn., 
Mrs. M. H. Hull, Still River, Mass., and Mrs. C. V. Russell, Boston. 
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WILLIAM CROSBY MARSHALL (1870-1934) 


William Crosby Marshall, consulting mechanical and civil engi- 
neer, and former professor of machine design at the Sheffield Scientific 
School, Yale University, died at the Gaylord Farm Sanitorium, Wall- 
ingford, Conn., on February 1, 1934. Mr. Marshall, a descendant 
of Robert Treat, an early governor of Connecticut and founder of 
Newark, N. J., retired in 1929 and since that time had made his home 
at Milford, Conn. He was born at Avon, Conn., on September 21, 
1870, the son of Henry G. and Marietta (Crosby) Marshall. 

After being graduated from Yale University in 1890, with a Ph.B. 
degree, Mr. Marshall worked for three years as a draftsman and struc- 
tural engineer for the Berlin Iron Bridge Company, Berlin, Conn. 
He then returned to Yale to study for a mechanical engineering de- 
gree, which was conferred upon him by Sheffield Scientific School in 
1894. He remained at the school, first as instructor and later as 
professor in machine design, until 1913. He was given a civil engi- 
neering degree there in 1900. He studied at the Ecole des Beaux 
Arts and Ecole du Genie Maritime, in Paris, in 1907-1908. 

For a year after he left Yale in 1913 Mr. Marshall was chief engi- 
neer for the Federal Sugar Refining Company, New York, N. Y. 
He then became research engineer at the Union Metallic Cartridge 
Company, Bridgeport Works of the Remington Arms Company. 
During the early part of 1917 he was connected with the Holt Manu- 
facturing Company, Peoria, Ill., as mechanical engineer, then served 
during the World War as captain in the Ordnance Department, 
U.S. A., in charge of twenty-five plants. He also served as trade 
commissioner to Italy for the U.S. Bureau of Foreign and Domestic 
Commerce in 1919. 

Returning to civil life, Mr. Marshall was engaged as mechanical 
engineer for the National Spun Silk Company, New York, and 
carried on consulting work in that city on machine designing, testing, 
graphical charting, and materials handling and traveled in England 
inspecting various plants for new and comparative material. In 
1921-1922 he was chief enginer for the U. S. Hoffman Machinery 
Corp., New York; 1922-1923, mechanical engineer for The Trexler 
Co. of America, Wilmington, Del.; 1923-1924, maintenance and plant 
engineer, Richard Hellman, Inc., Long Island City, N. Y.; 1924- 
1925, director, Yale Graduate Placement Bureau, Yale Club, New 
York; 1925-1926, instructor in machine drawing, Pratt Institute, 
Brooklyn, N. Y. From then until his retirement he was an asso- 
ciate editor of The Engineering Index. 

While living in Milford, Mr. Marshall served as town-planning and 
building inspector there. He was the author of a textbook on ‘‘De- 
scriptive Geometry,” published in 1910, ‘‘Machine Drawing and De- 
sign,’ 1912, and “Graphical Methods,’ 1921, as well as of many 
magazine articles. 

Mr. Marshall became a junior member of the A.S.M.E. in 1901 and 
a member in 1909. He also belonged to the Sigma Xi fraternity, 
Yale Engineering Association, and Yale Club, New York. He is 
survived by his widow, Mrs. Genevieve Holbrook Marshall, and by a 
son, John. 


ROYAL MATTICE (1878-1934) 


Royal Mattice, president of the Mattice Engineering Company, 
Philadelphia, Pa., died at his home in that city on February 18, 1934, 
and was buried with military honors in the Arlington National 
Cemetery. He was born at Birmingham, Ala., on July 27, 1878. 
At the age of 13 he began work as a water boy at the Carnegie Steel 
Company. He served an apprenticeship as a patternmaker and for 
six years took evening courses, specializing in metallurgy. In 1897 
he was employed as assistant manager and metallurgical engineer for 
the Kokomo (Ind.) Nail & Brad Co., and after serving in the Spanish- 
American War in 1898, returned to that company in the position of 
general manager in charge of sales and production. 

From 1900 to 1920, with the exception of periods of service on the 
Mexican Border and in the World War, Colonel Mattice was metal- 
lurgical engineer for the American Steel & Wire Co. He was divi- 
sion sales manager for the company at Chicago, IIl., Oklahoma City, 
Okla., Wichita, Kan., and Cincinnati, Ohio. Although his con- 
nection with this company, as well as with the Kokomo Nail & Brad 
Co., was officially in the sales department, he had practically nothing 
to do with selling except in a technical way. He was chiefly con- 
cerned with improvements in the firm’s products and production 
methods. 

After the World War, Colonel Mattice established the Mattice 
Engineering Company, devoted almost entirely to electric welding of 
cast iron. 

Colonel Mattice became a member of the A.S.M.E. in 1924, and 
also belonged to The Franklin Institute, the Military Order of For- 
eign Wars, the Engineers Club in Philadelphia, and the masonic 
order. He was president of the Welding Contractors’ Association of 
Greater Philadelphia and Camden. 
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He is survived by a son, Royal Mattice, Jr., and a daughter, Nancy 
Ellen. 


DABNEY HERNDON MAURY (1863-1933) 


Dabney Herndon Maury, retired consulting engineer, chiefly in the 
water-supply field, died at his home in Chevy Chase, Md., on May 
11, 1933. Mr. Maury was born in Vicksburg, Miss., on March 9, 
1863, the son of Dabney Herndon and Nannie Rose (Mason) Maury. 
His early education was secured in private schools in New Orleans, 
La., and Richmond, Va. He then attended the Virginia Military 
Institute, at Lexington, Va., from which he was graduated in 1882. 
Two years later he secured his M.E. degree from Stevens Institute of 
Technology, Hoboken, N. J. 

Mr. Maury worked during his summer vacations while attending 
college. In 1881 he was rodman on surveys for a railroad bridge 
across the Ohio River at Point Pleasant, W. Va. The following 
summer he was chief of a party making preliminary surveys for the 
Brighthope Railway, near Richmond, Va., and draftsman at Colt’s 
Armory, Hartford, Conn. During the summer of 1883 he was drafts- 
man for locomotive works in Richmond and in 1884 assistant to. 
Prof. Robert H. Thurston in the mechanical laboratory at Stevens 
Institute. 

In October, 1884, Mr. Maury went to Texas as engineer for the 
Grand Belt Copper Company, of New York, a connection he retained 
until the summer of the following year. He then became principal 
assistant engineer on location and construction for the Ft. Worth 
and New Orleans Railway. From March to November, 1886, he was. 
engaged in making land surveys for the Southern Pacific Railway 
Company in western Texas. 

From Texas Mr. Maury went to Colombia, 8.A., where his father, 
General Dabney H. Maury, was stationed as Envoy Extraordinary 
and Minister Plenipotentiary of the United States to Colombia. He 
served as private secretary to his father until March, 1887, when he 
became general engineer for Green & Garcia, mine agents in Colom- 
bia. He remained in their employ until May, 1890, serving part of 
the time as general manager of the Tolima, Organoz, Socorro, and 
other gold and silver mines, erecting machinery and building dams. 
and ditches for the Silencio, Tetuan, and Colon mines, and making 
surveys, plans, and estimates for other mines in Colombia. 

During the remainder of that year Mr. Maury traveled in Great 
Britain and the United States. He returned to Colombia as general 
manager for the Saldana Syndicate, Ltd., of Liverpool, England, and 
until the winter of 1892 had charge of all of its interests there, de- 
signing and constructing dams and ditches and directing the opera- 
tion of mines. He was also general manager for the Anape Syndicate, 
Ltd. 

After his return to the United States in 1892 Mr. Maury took post-— 
graduate work at Stevens Institute through the winter. He then 
became engineer and superintendent for the Peoria (Ill.) Water Com- 
pany and later continued in the same capacities with the reorganized 
Peoria Water Works Company, remaining with the company until 
August, 1912. He designed and constructed a number of new pump- 
ing plants, developed improvements in operation, and designed sewer 
systems for suburban districts. 

During the latter part of this period he had also conducted a pri- 
vate practice as a consulting engineer, and in August, 1912, he opened 
his own office in Chicago. He was located there until the United 
States entered the World War in 1917, and again from July, 1919, 
until his retirement in 1927, during the last four years as senior 
partner in the firm of Maury and Gordon. His advice on water 
supplies was sought by municipalities in many parts of the country. 

In May, 1917, Mr. Maury put aside his private practice to serve 
as advisory engineer on water supply for the Construction Division 
of the United States Army. He was in charge of the design of water 
systems for all projects of the Division in the United States and pos- 
sessions. He was also borrowed by the Marine Corps for its water 
supplies at Paris Island and Quantico, and by the Navy for supplies 
at Pearl Harbor and other points in Hawaii. He was specially as- 
signed by the War Industries Board to develop water supplies for 
the army, navy, shipping board, and housing corporation in the 
Hampton Roads district. He was given the rank of commanding 
major in the Engineers Reserve Corps in 1917 and of lieutenant- 
colonel in the Quartermaster Corps in 1918. He was honorably dis- 
charged in May, 1919. 

In 1920 Mr. Maury won the James Laurie Prize of the American 
Society of Civil Engineers for a paper on ‘‘Water Supplies for the 
Cantonments, Camps, and Other Activities Built by the Construc- 
tion Division of the Army.’’ He contributed other papers to the 
technical press and to the societies to which he belonged. He held 
several patents on pumping machinery and wells. 

Mr. Maury became a member of the A.S.M.E. in 1890. He was 
past-president of the American Water Works Association, Illinois. 
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Society of Engineers, and Illinois Water Supply Association. He was 
also a member of the American Society of Civil Engineers, American 
Institute of Consulting Engineers, Western Society of Engineers, and 
New England Water Works Association, as well as of Kappa Alpha 
(Southern) and Tau Beta Pi, honorary engineering fraternity, and a 
number of clubs. 

Mr. Maury married Mary McCaw, of Richmond, in 1893, and is 
survived by her and their son, Dabney Herndon Maury, Jr. 


RICHARD JUSTIN McCARTY (1851-1934) 


Richard Justin McCarty was born on March 12, 1851, at Clarks- 
burg, W. Va., the son of Joseph and Ann (McCally) McCarty. He 
attended Soulé University, Chapel Hill, Texas, from 1862 to 1869 and 
then studied for two years at the University of Virginia, being grad- 
uated in pure mathematics in 1871. Subsequently he took courses 
in applied mathematics and civil engineering there, completing his 
work in 1875. 

Following a short period as foreman for the erection of a rolling 
mill at Rosedale, Kan., he was employed by the Kansas Rolling Mill 
Company in various capacities until 1879. He then worked in the 
engineering, accounting, and operating departments of steam rail- 
roads until 1888, when he became chief engineer of the Metropolitan 
Street Railway Company at Kansas City, Mo. He held this posi- 
tion until 1895, having charge of designing and constructing exten- 
sions to the cable lines and power plants and the maintenance and 
operation of all of the company’s property. After he left the regular 
service of the company in 1895 he was recalled to make changes in 
another of its lines and was also employed in 1895 and 1896 by the 
Kansas City Stock Yards Company to design a pumping and light- 
ing plant and to handle construction work. 

In 1897 Mr. McCarty became auditor for the Kansas City, Pitts- 
burg & Gulf R.R., which later became the Kansas City Southern 
Railway. In 1903 he resigned to devote two years to scientific study, 
then returned to his former position. Later he was made vice-presi- 
dent of the company and chairman of its valuation committee. He 
retired permanently in 1918 and spent his remaining years in scien- 
tific and philosophical study and writings. His work on ‘‘Valuation 
of Railroad Property’’ was published in 1915; ‘‘Elements of Plane 
Trigonometry, 1920; Wisdom and Purpose, 1922; Work and Play: 
An Autobiography, 1925; ‘Essays in Poetry,” written jointly with 
his wife, 1930; and Vital Evolution, 1933. 

He died in Kansas City of heart disease on June 16, 1934. He is 
survived by his widow, the former Miss Mary Louise Allen, whom he 
married in 1877, and by three sons, Allen, Richard J., and Charles E. 
McCarty. 

Mr. McCarty became a member of the A.S.M.E. in 1901 and also 
belonged to the American Society of Civil Engineers, Sons of the 
American Revolution, Royal Societies Club, London, and the Zeta 
Psi fraternity. 


JOHN McGEORGE (1852-1933) 


John McGeorge, honorary member of the Cleveland Engineering 
Society, was instantly killed on the evening of February 27, 1933, 
when struck by an automobile while walking near his home in Cleve- 
land. Mr. McGeorge had been a member of the A.S.M.E. since 
1891. 

He was born in Manchester, England, on May 2, 1852, Leaving 
school when about fourteen years of age, he served a seven-year 
apprenticeship with Emmerson Murgatroyd & Co., Stockport, En- 
gland, working in both the shops and drawing office. He also studied 
evenings at the Mechanic’s Institution of Stockport and later, while 
employed in Manchester, took evening courses at the Owens College 
there. 

After completing his apprenticeship, Mr. McGeorge worked suc- 
cessively as draftsman with Galloway & Sons, engineer with the 
Boiler Insurance Company, and draftsman and manager of Deakin 
Parker & Co., all of» Manchester. He was connected with the Dea- 
kin company for about seven years and during this period invented a 
drum or shaft governor. Later he engaged in drafting for companies 
in Nottingham, Grantham, and Guilford, England. 

In 1884 Mr. McGeorge came to the United States. During his 
early years here he constructed special machinery for the Bellaire 
Stamping Company, Bellaire, Ohio, including machinery of his own 
design for making the Mason fruit jar cap. Subsequently he was 
employed by the Pittsburgh Iron & Steel Engineering Co., Pitts- 
burgh, Pa., as chief draftsman. 

In 1892 he became associated with Samuel T. Wellman, of the 
Wellman-Seaver Engineering Company (now the Wellman Engineer- 
ing Company), and served as chief engineer of the company from 
1896 to 1903. With Mr. Wellman he developed the rolling open- 
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hearth furnace, the open-hearth charging machine, and other equip- 
ment which meant much to the development of the steel industry. 
Since 1903 his work had been largely in the consulting field. He 
also invented an electric factory truck in wide use as a labor-saving 
device in the handling of materials. 

Mr. McGeorge was elected to membership in the Cleveland En- 
gineering Society in 1896 and honorary membership was conferred 
upon him in 1931. He was also a life member of the Society of Auto- 
motive Engineers. 


DANIEL GEORGE McMILLAN (1871-1934) 


Daniel George McMillan, engineer for the Jersey Central Power 
& Light Co., South Amboy and Sayreville, N. J., died in Elizabeth, 
N. J., on May 30, 1934. He is survived by his widow, Eleanor T. 
(Christie) McMillan, whom he married in 1907, and by a daughter, 
Mildred Eleanor. 

Mr. McMillan was born at St. Louis de Gonzague, Quebec, Canada, 
on May 14, 1871, the son of Neil and Flora (Menish) McMillan. He 
secured his early education in Montreal schools, served an apprentice- 
ship at the Royal Electric Company there, and spent three years in 
the mechanical and electrical laboratories of McGill University. 
For five years he served as chief engineer of the Canadian Singer 
Factory at St. Johns, Quebec, then came to the United States as 
assistant chief engineer of the Singer Manufacturing Company at 
Elizabethport, N. J. He remained with this company for nearly ten 
years, being its chief engineer the latter part of the time. Subse- 
quently he was superintendent of power for the Willys:Corporation, 
Elizabeth, and maintenance engineer of the Elizabeth General Hospi- 
tal, prior to his connection with the Jersey Central Power & Light Co. 

Mr. McMillan became an associate-member of the A.S.M.E. in 
1917. He was very active in the masonic fraternity, in which he had 
held a number of important posts, and was a member of Everymans 
Bible Class at the Third Presbyterian Church in Elizabeth. 


HIRAM LEES MELLOR (1865-1933) 


Hiram Lees Mellor, owner of the Lawrence Pump & Engine Co., 
Lawrence, Mass., a member of the A.S.M.E. since 1908, died on Jan- 
uary 5, 1933. He was born at Sandwich, N. H., on December 2, 
1865, but moved with his parents to Lawrence at an early age and 
was educated in the public schools there. He served an apprentice- 
ship as a machinist and draftsman with S. 8. & W. O. Webber, 
Lawrence, manufacturers of textile machinery, printing presses, shop 
tools and jigs, and attended night school, thus fitting himself for a 
position as draftsman with the Lawrence Machine Company. He 
spent four years in that work, then became superintendent of the 
company, which manufactured centrifugal pumping machinery, 
steam engines, and related equipment. About 1904, he started in 
business for himself, founding the Lawrence Pump & Engine Co., 
which he continued to manage until his death. 

He had served as treasurer and deacon of the United Congrega- 
tional Church in Lawrence. He was married, and is survived by his 
widow and a daughter, Mrs. J. L. Dean, whose husband now manages 
the business. 


EDGAR HAMILTON MERRICK (1886-1934) 


Edgar Hamilton Merrick, whose death occurred in Cleveland, 
Ohio, on January 21, 1934, was born at Gananoque, Ontario, Canada, 
on May 4, 1886, son of Dr. Edgar H. and Sara HE. (Carpenter) Mer- 
rick. He was graduated from Sibley College, Cornell University, in 
1908, with an M.E. degree, and during the next six years was ma- 
chinery salesman for Hill, Clarke & Co., Chicago, Ill. He then became 
secretary and sales manager for the Perkins Windmill & Engine Co., 
Mishawaka, Ind., where he remained for three years. 

From 1917 to 1927 Mr. Merrick was connected with Manning, 
Maxwell & Moore, Inc., New York, N. Y., as district manager of 
their Cincinnati office for seven years and of the Cleveland office for 
three years. He engaged in machinery business for himself during 
the next year, then became sales engineer for Dravo-Doyle Company, 
of Pittsburgh, Pa., handling the products of the Shepard-Niles Crane 
& Hoist Corp. Since 1931 he had been in business for himself as 
sales engineer, in Cleveland. 

Mr. Merrick became an associate of the A.S.M.E. in 1932, and was 
a 32d degree Mason. He is survived by his widow, Florence C. 
(Earle) Merrick, whom he married in 1917, and by two children, 
Frances Chapin and Richard Henry Merrick. 


VLADIMIR VICTOR MESSER (1877-1932) 


Vladimir Victor Messer, who died in 1932, on or about May 2, was 
born in St. Petersburg, Russia, on December 2, 1877. He attended 
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the naval academy of the Imperial Russian Navy and was commis- 
sioned a lieutenant in 1896. His first work in the United States was 
as chief draftsman for the Los Angeles Gas & Electric Co., in 1906. 
The following year he became consulting engineer for the Sweetland 
Filter Press Company and Brubaker Bros., in San Dimas, Calif., and 
subsequently served the Commercial Gas Engine Company, of Los 
Angeles, in connection with irrigation equipment. In 1912 he en- 
gaged in the design of the steel structure for the Canadian Pacific 
Railway terminal at Vancouver, as an employee of Coughlan & Sons, 
of that city. He then returned to Los Angeles, where he became 
structural engineer for Fitzhugh & Fitzhugh, architects. He subse- 
quently held a similar position with Lescher & Kibbey, architects, in 
Phoenix, Ariz. 

About the year 1915 Mr. Messer went to New York, where he was 
associated with Percival R. Moses and Frederick Pope as consulting 
engineer. During the World War, in 1918-1919, he was chief engi- 
neer for the Newport Chemical Works and Newport Hydro-Carbon 
Company, Milwaukee, Wis., and from then until 1924 again asso- 
ciated with Moses and Pope. At that time he formed the V. V. Mes- 
ser Manufacturing Co., located first in Long Island City, and later in 
New York. 

Much of his time during the latter part of his life was spent in work 
on inventions and on special missions to other countries, including the 
building of a steel plant and railroad in Russia, and zine plant in 
South America, and in connection with the cork industry in Europe. 
Other special connections were with the Goodyear Tire & Rubber 
Co., in Akron, Ohio, the National Analine Company, for which he 
built an indigo plant in Buffalo, N. Y., and the Miller Rubber Com- 
pany, Inc., New York. 

Mr. Messer became a member of the A.S.M.E. in 1916 and be- 
longed to the Chemists’ Club, New York. He is survived by his 
widow, Edithe Maxham Messer, whom he married in 1917. Their 
only son, Paul, died in October, 1933. 


HAROLD R. MILLER (1906-1934) 


Harold R. Miller was born at Norwalk, Ohio, on July 3, 1906. He 
secured his early education there and was graduated from the Ohio 
State University in 1928 with a B.S. degree in mechanical engineering. 
He immediately entered the employ of the Philip Carey Manufactur- 
ing Company, at Lockland, Ohio, and at the time of his death on 
March 31, 1934, was assistant superintendent of power. 

Mr. Miller became a junior member of the A.S.M.E. in 1933 and 
belonged to the Theta Xi and Tau Beta Pi fraternities. He is sur- 
vived by his widow, Mary (Ross) Miller, whom he married in 1926, 
and by a daughter, Marjorie Anne Miller. 


JAMES MILNE (1865-1934) 


James Milne, chief electrical and mechanical engineer in the De- 
partment of Works of the City of Toronto, Ontario, Canada, in 
charge of water supply, for about twenty years, died in that city on 
May 21, 1934. 

Mr. Milne was born on January 29, 1865, at Woodside, Aberdeen, 
Scotland, the son of William and Jessie (Hird) Milne. He secured 
his technical training at Robert Gordon’s College, Aberdeen, and as 
an apprentice with C. Davidson & Sons and Abernethy & Co., Aber- 
deen. He then went to Montreal, Canada, where he worked for a 
time in a machine shop and later secured employment with the Edi- 
son General Electric Company. He spent three years there and dur- 
ing the next six years was superintendent of the Incandescent Electric 
Light Company at Toronto. For two years he taught machine con- 
struction and drawing, applied mechanics, and steam engineering at 
the Toronto Technical School, then spent eight years as general mana- 
ger and chief engineer of the Underfeed Stoker Company, Toronto, 
at the same time carrying on a consulting engineering practice. 
Early in February, 1906, he became general superintendent of the 
British Columbia Electric Railway Company, Vancouver, operating 
street railways, light, and power in Vancouver, Victoria, and New 
Westminister, B.C. From 1910 to 1913 he was assistant manager of 
the Windsor Salt Works, Windsor, Ontario, and engaged in consulting 
work. He began his long connection with the City of Toronto in 
1913. 

Mr. Milne became a member of the A.S.M.E. in 1907. He also 
belonged to the American Institute of Electrical Engineers, Engineer- 
ing Institute of Canada, and the Association of Professional Engineers 
of Ontario, and was a member of the Engineers and Parkdale Canoe 
Clubs in Toronto and of the masonic fraternity. He was a contribu- 
tor ta technical publications and a member of the Toronto Symphony 
Orchestra, in which he played the contra-bassoon. 

Mr. Milne had been twice married. His first wife died in 1899 and 
his second in 1929. He is survived by a son, James C. R. Milne, and 
by a married daughter. 
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GUY KOCHLING MITCHELL (1878-1934) 


Guy Kochling Mitchell, formerly president and proprietor of the 
Standard Electric Machinery Company and partner in the Standard 
Appraisal Company, both of Baltimore, Md., died of pneumonia at 
his home in that city on January 15, 1934. 

Mr. Mitchell was born in Baltimore on July 5, 1878. He attended 
the Baltimore Polytechnic Institute and in 1899 began work for the 
United Electric Light & Power Co. as draftsman for the department 
handling equipment and operation. He spent six years in that posi- 
tion, then in 1902, after a few months at Embreeville, Tenn., installing 
an electric plant and transmission line for the Embree Iron Company, 
he returned to Baltimore to do estimating and layout work in the 
distribution department of the United Electric Light & Power Co. 

In 1906 Mr. Mitchell became manager of the electrical department 
of Crook Horner Company, Baltimore. When this company dis- 
solved the following year he purchased the electrical and elevator 
departments and established the Standard Electric & Elevator Co. 
operating it as a manufacturing and contracting concern. The name 
of the company was changed to the Standard Electric Machinery 
Company in 1921. 

During the early days of the company it specialized in replacing 
steam drives by electric-motor drives, and under the direction of Mr. 
Mitchell installations varying from 50 hp to 1000 hp were made in 
plants in Baltimore and vicinity. At the same time he carried on the 
development of electric elevators, especially the single-phase, and a 
new line of dumbwaiters, hoists, and cranes. During the World War 
he devised an automatic system for reconnecting and rerating motors 
and generators of all makes and types. 

Mr. Mitchell became an associate of the A.S.M.E. in 1913 and a 
member six years later. He was also a member of the American In- 
stitute of Electrical Engineers. He is survived by his widow, Kath- 
erine V. Mitchell. 


ROBERT LEVIS MITCHELL, JR. (1911-1934) 


Robert Levis Mitchell, Jr., son of Doctor and Mrs. Robert L. 
Mitchell, of Baltimore, Md., died at Perth Amboy, N. J., on Decem- 
ber 28, 1934. He had been a member of the engineering staff of the 
National Lead Company at Perth Amboy since early in July. 

Mr. Mitchell was born in Baltimore on September 21, 1911. He 
attended the Friends School there and secured his degree in mechani- 
cal engineering from Johns Hopkins University with the class of 1934. 
He was a student member of the A.S.M.E. at the university and be- 
came a junior member of the Society upon graduation. He was also 
a member of the university amateur theatrical group, the Barnstor- 
mers, and of Alpha Tau Omega fraternity. 

Surviving Mr. Mitchell, in addition to his parents, are a sister, 
Miss Nancy Mitchell, and a brother, William. 


LESTER A. MORELAND (1874-1934) 


Lester A. Moreland, former production engineer for the Worthing- 
ton Pump & Machinery Corp., Harrison, N. J., died on March 21, 
1934, after an illness of more than a year. Mr. Moreland was born 
at Skaneateles, N. Y., on December 11, 1874, the son of Lewis P. and 
Harriet (Daniels) Moreland. After leaving public school he began 
to learn the machinist’s trade with the Straight Line Engine Com- 
pany, of Syracuse, N. Y., but soon decided that he would prefer 
toolmaking. He therefore transferred to the E. E. Stearns Co., 
Syracuse, and there and in other shops learned the trade. 

In 1898 he entered the employ of the Oliver Typewriter Company, 
at Woodstock, Ill., as a toolmaker, and soon was placed in charge of 
of the department. As the company had no drafting or designing 
department, he made what drawings were required. After six years 
with the company, he became foreman of the tool designing, experi- 
mental, and toolmaking departments of the Illinois Sewing Machine 
Company, at Rockford. Later he was made assistant superintendent 
in full charge of all departments, including the foundry and pattern- 
making. 

In 1908 Mr. Moreland went to Providence, R. I., taking charge of 
the machine department of the American Locomotive Automobile 
Company, and later of its toolroom and grinding department. The 
following year he became tool supervisor of the Warner Gear Com- 
pany, Muncie, Ind., with which he was connected until 1915. One of 
the special machines which he designed for the company was an 
automatic machine for inserting corks into clutch plates for automo- 
bile clutches. 

After leaving the Warner company, Mr. Moreland spent a year 
with the Remington Arms Company, at Eddystone, Pa., as assistant 
superintendent of the tool department, and two years with the 
British Munitions Company, of Montreal, Canada, as master me- 
chanic in the fuse loading and assembling plant. 
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In 1918, when the World War was nearly over, Mr. Moreland went 
to Trenton, N. J., to become chief engineer and designer of the John 
E. Thropp’s Sons Co. Among the designs made for the company 
by him were a special machine for engraving non-skid designs in tire 
molds, a fabric-spooling machine for taking the fabric from the bias 
cutter, a special banding machine, and a collapsible core and chuck. 
He had been with the company about ten years when he became pro- 
duction engineer for the Worthington Pump & Machinery Corp. 

Mr. Moreland became a member of the A.S.M.E. in 1923, and be- 
longed to the Engineers Club in Trenton and to the masonic fraternity. 
He is survived by his widow, Emma J. (Chappel) Moreland, whom 
he married in 1899, and by a son, Lester D. Moreland. 


GEORGE WILLIAM MORETON (1860-1934) 


George William Moreton, who died in Wilmington, Del., on March 
2, 1934, after a year’s illness, was English by birth. The son of John 
and Annie (Smith) Moreton, he was born on July 23, 1860, at Min- 


' shull Vernon, Cheshire, England. He secured his early education 
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at public schools in Crewe and Birmingham and later was a science 
and art student at the Crewe Mechanics Institute, and winner of a 
Whitworth Scholarship in 1885. 

Mr. Moreton began work as an office boy for the London and 
Northwestern Railway in Birmingham at the age of fourteen, and 
three years later was transferred to its shops at Crewe as an appren- 
tice. He completed his training in 1881 and continued to work for 


' the company as machinist and draftsman until he came to the United 


=o 


States. 

Mr. Moreton’s first employment in this country was with the Pond 
Machine Tool Company, Plainfield, N. J., with which he was con- 
nected as draftsman from 1888 to 1892. He then engaged in similar 
work for the Betts Machine Company, of Wilmington, of which he 
became general superintendent in 1898, and later served also as secre- 
tary and vice-president. When the company was sold, during the 
World War, becoming the Betts Shops of E. I. duPont de Nemours 
& Co., Mr. Moreton was retained as superintendent and consulting 
engineer for several years. Since then he had been associated with 
the Consolidated Machine Tool Corporation of Rochester, N. Y., as 
consulting engineer and manager of the Hilles & Jones plant in Wil- 
mington. 

Mr. Moreton became a member of the A.S.M.E. in 1909. He also 
belonged to the Wilmington Country and Wilmington Whist Clubs 
and the Whitworth Society of England. He was a director of the 
Artisans Saving Fund, Wilmington, and a member of Trinity Church 
there. He is survived by his widow, Hilda W. (Brotherhood) More- 
ton, whom he married in 1906, and by two children, John B. and 
Winnifred Moreton. 


THOMAS MORRIN (1853-1934) 


Thomas Morrin, son of John and Mary Morrin, was born at Water- 
loo, N. Y., on August 6, 1853, and died at his home in San Francisco, 
Calif., on August 1, 1934. He attended public school in Waterloo 
and at the age of fifteen began an apprenticeship at the Island Works 
in Seneca Falls, N. Y., where steam fire engines were manufactured. 
After the completion of his apprenticeship in 1871 he worked for 
fifteen years as a machinist, being employed in Bay City, Mich., and 
San Francisco and Marysville, Calif. 

In 1886 Mr. Morrin became master mechanic for the Carson & 
Tahoe Lumber & Co., at Glenbrook, Nev., where he had full charge 
of railroad, steamboat, and sawmill machinery. Two years later he 
accepted a similar position with the Western Beet Sugar Company 
in Watsonville, Calif., where he remained until July, 1890. During 
the next two years he was foreman in charge of the construction of a 
machine shop, then became master mechanic and chief engineer for 
the D. O. Mills properties in and near San Francisco, a position which 
he held until 1908. 

Mr. Morrin also practiced independently as a consulting mechani- 
cal engineer from 1904 until 1928, when he practically retired, though 
he continued to act*as supervising engineer for the Phelan estate, 
San Francisco, until the date of his death. 

Mr. Morrin became a member of the A.S.M.E. in 1897 and be- 
longed to the Engineers Club in San Francisco. He was especially 
interested in fine cabinet work in mahogany and walnut, and took 
walking trips into the Sierra Nevada Mountains. He is survived by 
a daughter, Miss Mary Irene Morrin. His wife, Irene (Hoyt) Mor- 
rin, died in 1916. 


VICTOR EMANUEL MUNCY (1860-1934) 


Victor Emanuel Muncy, whose death occurred at Ashland, Ky., 
on October 26, 1934, was born at Louisa, Ky., on December 1, 1860, 
the son of Samuel K. and Teresa (Carter) Muncy. After teaching at 
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the Academy of the State (Agricultural and Mechanical) College of 
Kentucky for a time, he became interested in engineering. He re- 
ceived a B.S. degree from the college in 1891 and secured a position 
there as teacher in elementary mathematics and physics. He con- 
tinued in that position until 1905, except during 1900-1901, when he 
served as business agent for the college. 

He joined the faculty of the Ohio Mechanics Institute in 1905 as 
instructor in applied electricity and physics. He was given an M.S. 
degree by the State College of Kentucky in 1907, and during the 
scholastic year 1907-1908, on leave of absence from Ohio Mechanics 
Institute, he took a course in electricity and power plant engineering 
at the State University of Kentucy which brought him a B.M.E. 
degree in 1908. He then returned to his duties at Ohio Mechanics 
Institute, where in 1911 he was appointed dean of the School of 
Mechanics and Electricity, later becoming head of the Department 
of Physics and Electricity. He resigned in 1930 after a severe illness. 
The State University of Kentucky conferred an M.E. degree upon 
him in 1918. 

Professor Muncy became a member of the A.S.M.E. in 1914. He 
also belonged to the American Institute of Electrical Engineers, the 
Illuminating Engineering Society, the Royal Society of Arts, American 
Association for the Advancement of Science, the Engineers Club of 
Cincinnati, and Tau Beta Pi, honorary engineering fraternity. 

Professor Muncy’s first wife, Emma (Garred) Muncy, died in 1893, 
two years after their marriage. He was separated by divorce in 1913 
from Mary O. (Hodges), whom he married in 1908. 


HENRY HOTCHKISS MURRAY (1871-1934) 


Henry Hotchkiss Murray, mechanical engineer and manager for 
the Mechanical Improvements Corporation, Camden, N. J., died at 
the Burlington County Hospital, Mount Holly, N. J., on February 
28, 1934. Mr. Murray was born at Viola, Kent County, Del., on 
March 16, 1871, the son of George Henry and Olive I. (Purinton) 
Murray. He prepared for college at the Hillhouse High School, 
New Haven, Conn., and was graduated from the Sheffield Scientific 
School of Yale University with a Ph.B. degree in 1893. The follow- 
ing year he did post-graduate work there in mechanical engineering 
and was an assistant instructor in shop visiting. 

From 1894 to 1906 Mr. Murray was draftsman for McIntosh, Sey- 
mour & Co., Auburn, N. Y., with the exception of the first six months 
of 1896, when he served as acting professor of mechanical and elec- 
trical engineering at Delaware College, Newark, Del. From 1906 
to 1930 he was connected with the Victor Talking Machine Company, 
Camden, serving in the capacities of designer, chief draftsman, me- 
chanical engineer, chief engineer, consulting engineer, and manager 
of the field technical service. He had been with the Mechanical 
Improvements Corporation since 1930. 

Mr. Murray held many patents pertaining to the improvement of 
the talking machine and a number for camera cases for underwater 
photography. He was very active in the community of Riverton, 
N. J., where he made his home. From 1915 to 1923 he was a member 
of the borough council; from 1916 to 1923, chairman of the Memorial 
Park Committee; from 1917 to 1934, director of the Cinnaminson 
Building and Loan Association; from 1926 to 1932, director of the 
Cinnaminson Bank & Trust Co.; and in 1932-1933, member of the 
Riverton Board of Education. He served as chairman of the com- 
mittee on the location of the Philadelphia-Camden bridge of the 
Camden Chamber of Commerce in 1921, and during the World War 
was active in Riverton in connection with the sale of liberty bonds 
and other war work. At that time he was in charge of airplane parts, 
gun stocks, etc., manufactured by the Victor Talking Machine Com- 
pany. 

Mr. Murray became a junior member of the A.S.M.E. in 1899 and 
a member in 1905. He also belonged to The Franklin Institute, Yale 
Engineering Society, Union League of Philadelphia, Society of 
Colonial Wars, Riverton Country Club, and Yale Club, New York. 
He married Miss Georgiana Groot in 1898 and is survived by her and 
their daughter, Cornelia Groot Murray. 


ALFRED NATHAN (1866-1933) 


Alfred Nathan, president of the Nathan Manufacturing Company, 
New York, N. Y., died at the Presbyterian Hospital in that city on 
May 22, 1933, following an operation. He was a native of New York, 
where he was born on November 21, 1866, the son of Max and Rosa- 
lie Nathan. 

Following his graduation from Stevens Institute of Technology 
with an M.E. degree in 1890 he became assistant mechanical engineer 
for The Geo. F. Blake Manufacturing Co., a position which he held 
until 1897. He had been associated with the Nathan Manufacturing 
Company since then, as assistant secretary until 1903, and vice- 
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president from that time until he became president of the company 
in 1909. 

Mr. Nathan had been a junior member of the A.S.M.E. since 1891. 
He belonged to the Beta Theta Pi and Sigma Alpha Epsilon fraterni- 
ties, and to a number of clubs in New York and vicinity, including 
the Uptown and Criterion clubs, and the Deal and Hollywood golf 
clubs. He is survived by his widow, Mabel E. (Lauer) Nathan, whom 
he married in 1892, and by a son, Alfred Nathan, Jr. 


HAROLD VAN HOUTEN NEEFUS (1883-1934) 


Harold Van Houten Neefus, for many years associated with Fran- 
cisco and Jacobus, engineers and architects, New York, N. Y., died 
in Greenwich, Conn., on August 23, 1934, of pneumonia. 

Mr. Neefus was born in Newark, N. J., on August 21, 1883, the 
son of Henry Freeman and Olive (Van Houten) Neefus. After being 
graduated from the Stevens Institute of Technology with an M.E. 
degree in 1904, he was employed for three years as a draftsman by the 
Public Service Corporation of New Jersey. During the next two 
years he engaged in experimental work, including drafting and shop 
work, for the Bleyney Machine Company, Newark. In 1909 he took 
a position as assistant to the secretary and general manager of the 
Foos Gas Engine Company, with which he remained until 1911. He 
then went to Buffalo to take charge of manufacturing and sales for 
the Bogart Gas Power Company. In 1914 he became mechanical 
engineer for the Northern Division, including six plants, of The 
Texas Company, New York. 

During the World War, from 1916 to 1918, Mr. Neefus was engaged 
in the production of munitions at the Canada Car & Foundry Co. 
Subsequently he served for two years as special engineer for the City 
of Chicago in connection with the electrification of the Illinois Central 
Railroad and the development of the Union Station. He became 
connected with Francisco and Jacobus in sales and promotion work in 
1920 and later was put in charge of the Chicago office and mid-west 
territory. At the time of his death he was serving as manager for the 
Eastern District, New Jersey Department, of the Home Owners 
Loan Corporation, with headquarters at Newark. 

Mr. Neefus became a member of the A.S.M.E. in 1915 and be- 
longed to the Delta Tau Delta fraternity. His wife, Grace (Berger) 
Neefus, died the year following their marriage in 1910. He is sur- 
vived by a son, Van Houten Neefus. 


VICTOR ROBERT NELSON (1898-1934) 


Victor Robert Nelson, whose death occurred on October 3, 1934, 
was born in Cleveland, Ohio, on June 3, 1898, the son of Niels and 
Annie (Madsen) Nelson. During the summer after his graduation 
from the Central High School in Cleveland he was employed by the 
Linde Air Products Company, and he spent subsequent vacations, 
while attending the Case School of Applied Science, working in vari- 
ous shops for practical experience. He was a member of the Reserve 
Officers Training Corps at the School in 1917-1918. 

In the summer of 1920, followng his graduation with a B.S. de- 
gree in mechanical engineering, Mr. Nelson was employed by Van 
Dorn & Dutton Co., Cleveland, in connection with production 
routing and time records. In the fall he secured a position in the 
U.S. Ordnance Engineer’s Office in Cleveland, working under the 
supervision of the resident engineer on the design and specifications 
for an artillery tractor and other equipment. After he had been 
there about a year the Cleveland office was discontinued and he was 
transferred to the Rock Island Arsenal, where he continued in similar 
work until March, 1922. 

He then returned to the Van Dorn & Dutton Co., which in 1928 
became a division of Gears & Forgings, Inc. His early work for the 
company was in the sales and estimating departments. He then 
became production supervisor and at the time of the merger was put 
in charge of the organization of a department combining and coor- 
dinating the work of the order and production departments, and cer- 
tain phases of the work of the engineering department. He contin- 
ued to serve as production engineer for the company until his death, 
increasing his knowledge in this field by a course in industrial manage- 
ment through the LaSalle Extension University. 

Mr. Nelson became an associate-member of the A.S.M.E. in 1931. 
He had served as a member of the local Committee on Apprentice- 
ship of the National Metal Trades Association, the Committee on 
Standards of the Cleveland Engineering Society, the Production 
Standards Committee (as chairman) of the Associated Industries of 
Cleveland, and the Production Executive Committee of the Cleve- 
land Chamber of Commerce. He belonged to the masonic fraternity. 

Mr. Nelson married Miss Ruth Ellen Heininger in 1926 and is sur- 
vived by her and by two daughters, Margaret Ellen and Karen Eliza- 
beth Nelson. 
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FRED NOLDE (1874-1934) 


Fred Nolde, secretary and treasurer of the Refrigerating Machinery 
Association, Philadelphia, Pa., died at his home in that city on Decem- 
ber 19, 1934. He was born at Norristown, Pa., on January 16, 1874, 
the son of Henry and Caroline Nolde. He attended the Central 
High School in Philadelphia and then the Drexel Institute there, 
from which he was graduated with a B.A. degree in 1891. 

Following his graduation Mr. Nolde took a position as draftsman 
for the Pennsylvania Iron Works Company in Philadelphia. He 
remained with this company until 1903, being advanced to the posi- 
tion of chief draftsman and sales engineer, and engaging in the de- 
sign, construction, operation, and sales of cable railroad machinery, 
steam engines, hydraulic machinery, ice making and refrigerating 
machinery, and gasoline engines. During the next year he was con- 
nected with James Beggs & Co., selling power machinery in New York, 
and after that held a similar position with the Allis-Chalmers Manu- 
facturing Company, in the Philadelphia district. 

From 1905 to 1927 Mr. Nolde was associated with the De La 
Vergne Machine Company, as sales engineer, chief engineer, and man- 
ager in New York until 1926, when he became consulting engineer 
to the company, with headquarters in Philadelphia. After about 
two years in that position he became eastern sales agent for the Vilter 
Manufacturing Company, of Philadelphia, a position which he held 
until he took the office of secretary and treasurer of the Refrigerating 
Machinery Association in October, 1927, first on a part-time basis and 
latterly as a full-time occupation. 

Mr. Nolde became a junior member of the A.S.M.E. in 1901. He 
resigned in 1910 and was reinstated in 1918 asafull member. He was 
also a member of the American Society of Refrigerating Engineers 
and belonged to the masonic fraternity and to a number of clubs, in- 
cluding the Engineers’ and Bankers in New York. He married Miss 
Hedwig P. Haenchen in 1913 and is survived by her and their son, 
Fred Nolde, Jr. 


ARVID NORDIN (1881-1933) 


Arvid Nordin, whose death occurred on July 19, 1933, had been 
associated with the M. H. Treadwell Co., New York, N. Y., for nearly 
twenty years. 

Mr. Nordin was born on July 30, 1881, at Westkinde, Sweden, and 
was educated in that country. After being graduated from the 
college at Venersborg he studied mechanical engineering for three 
years at the Polytechnic Institute at Gothenburg. During his col- 
lege vacations he worked as an apprentice machinist and boilermaker 
at the Eriksbergs Mechanical Works, Gothenburg, and Nydqvist & 
Holm Locomotive Works, Trollhattan. 

Mr. Nordin came to the United States in 1901 and during the next 
four years worked as draftsman and designer-checker for the Niles- 
Bement-Pond Company, Philadelphia, Pa., Westinghouse Electric 
& Manufacturing Co., Pittsburgh, Pa., Carnegie Steel Company, 
Sharon, Pa., Allis-Chalmers Company, Milwaukee, Wis., Illinois 
Steel Company, South Chicago, and Sargent & Lundy, Chicago, Ill. 
From 1905 to 1912 he was connected with the Tennessee Copper 
Company, Copperhill, Tenn., in the positions of designer-checker, 
chief draftsman, and mechanical engineer. From then until he took 
up his work with the Treadwell organization he was engineer for the 
Link-Belt Company, Chicago. 

During his association with the M. H. Treadwell Company, Mr. 
Nordin devoted a large measure of his ability and energy to the de- 
velopment of the various items of hydraulic equipment which they 
manufacture. He was the inventor of many improvements in the 
design and details of spillway and intake gates, hoists and accessory 
equipment, and held many valuable patents on these improvements. 
As contracting engineer for the company, he enjoyed an unusually 
wide acquaintance among hydraulic engineers and in the hydro- 
electric power industry in general. In recognition of his ability and 
accumulated experience with respect to hydraulic equipment, his 
advice and opinions were in constant demand. 

Mr. Nordin became a member of the A.S.M.E. in 1913. He is 
survived by his widow, Ruth L. Nordin, of Allegan, Mich., and by a 
son, John Arvid Nordin. 


EDWARD WILLIAM O'BRIEN (1883-1934) 


Edward William O’Brien, who died at St. Joseph’s Hospital in 
Providence, R. I., on August 4, 1934, was born in that city on No- 
vember 29, 1883. His parents were Edward and Mary (Lindsay) 
O’Brien. Mr. O’Brien attended the Technical High School in Provi- 
dence and was graduated from the evening course at the Rhode 
Island School of Design in 1903. Later he took special courses at 
Franklin Union, Boston, and the Boston Y.M.C.A. in applied me- 
chanics, hydraulics, and other subjects. 
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From 1903 to 1907 Mr. O’Brien was employed by Knight C. Rich- 
mond, engineer and architect of Providence, as a draftsman and de- 
signer, working on power plants and industrial buildings. He spent 
the next two years in Fitchburg, Mass., at the D. M. Dillon Steam 
Boiler Works, engaged in special work for the New England Boiler 
Manufacturers Association on boiler design standardization, and 
compiling a catalog for the company. 

During the years 1910-1917, with the exception of about a year, he 
was associated with Charles H. Fish, consulting engineer of Boston, 
working part of the time in the office on the design of industrial build- 
ings, and making appraisals and reports, and part of the time in the 
field, supervising construction. In 1913-1914 he was engaged by the 
General Electric Company at Lynn to design and serve as inspector 
during the construction of a reinforced-concrete storehouse. 

The Harry M. Hope Engineering Co., Boston, employed Mr. 
O’Brien from 1919 to 1921, keeping him in the field the greater part 
of the time. He spent about eight months as general inspector dur- 
ing the construction of a large power plant in Connecticut, and more 
than a year in St. Louis, Mo., in connection with the construction 
and equipment of a power house and three eight-story reinforced- 
concrete buildings for the United Drug Company. 

He was next connected with the American Printing Company, 
Fall River, Mass., as assistant to the plant engineer. His most im- 
portant work for this company, with which he remained until 1930, 
was the supervision of the design, construction, and equipment of a 
large cotton mill in Tennessee, including the mill itself, and a store- 
house, power plant, and pumping station, as well as some two hun- 
dred dwellings for mill operatives, with water and sewer systems. 

Since 1930 Mr. O’Brien had been connected with the Public Build- 
ings Department of the City of Providence, being second deputy to 
the inspector of public buildings, in charge of zoning, at the time of 
his death. 

Mr. O’Brien became a member of the A.S.M.E. in 1927. He is 
survived by his widow, Gertrude (Curran) O’Brien, whom he married 
in 1926, and by two children, Margaret J. and Robert E. O’Brien. 


SPENCER OTIS (1858-1933) 


Spencer Otis, whose death occurred on June 10, 1933, was born in 
Orange, N. J., on February 26, 1858, the son of Daniel Carmichael 
and Clarissa Otis. He entered Amherst College in 1876 but was 
obliged to leave because of illness. The following year he secured 
work at a brick and terra cotta factory in Louisville, Ky., and in 1877 
he began an apprenticeship with the Union Pacific Railroad at its 
Omaha, Neb., shops. Upon the completion of his training he worked 
for that road for some years, advancing to the position of master 
mechanic. 

In 1888 he became general manager of the Kansas City Switch & 
Frog Co., and two years later president of the Phoenix Foundry Com- 
pany. He engaged in consulting work, beginning in 1891, and five 
years later organized the Spencer Otis Company, of Chicago, manu- 
facturers and agents for railway supplies. He served as president 
of this company until its sale some twelve or fifteen years later. For 
a number of years, beginning in 1892, he was also president of the 
National Dump Car Company, Chicago, which in 1904 was combined 
with the Rodger Ballast Car Company, with Mr. Otis as vice-presi- 
dent. He held many patents pertaining to railway cars and equip- 
ment. 

About 1902 Mr. Otis became interested in large-scale farming, and 
much of the latter part of his life was devoted to it, especially to the 
development of pastures in the Middle West. His chief engineering 
connection in recent years was with the National Boiler Washing 
Company, of which he became president in 1919, and the Locomotive 
Terminal Improvement Company, which he formed in 1925 to manu- 
facture plants for the former company, and to develop and build 
plants for locomotive terminals. At the time of his death he had re- 
tired and was residing in Waco, Texas, with a married daughter. 

Mr. Otis became a member of the A.S.M.E. in 1890 and also be- 
longed to the Western Railway Club, the Union League Club, 
Chicago, and Barrington Hills Country Club. 

He was twice married, his first wife, Eleanor G. Beard, dying in 
1885 and his second, Julia Melchers, in 1902. He is survived by one 
son, Spencer Otis, Jr., of Chicago, and by five daughters. 


GEORGE BAILEY PAGE (1887-1934) 


George Bailey Page, Philadelphia district manager for The Terry 
Steam Turbine Company, of Hartford, Conn., died at his office from 
a hemorrhage on September 10, 1934. His widow, Helen (Ferguson) 
Page, whom he married in 1919, and two children, George F. and 
Jane Helen Page, survive him. 

Mr. Page was born at Williamsport, Pa., on April 27, 1887, the 


RI-67 


son of Earnest A. and Sarah (Bailey) Page. He attended the Dickin- 
son Seminary in Williamsport and was graduated from Cornell 
University with a mechanical engineering degree in 1911. He then 
served an apprenticeship at the DeLaval Steam Turbine Company, 
Trenton, N. J., and worked for the company in different capacities 
until early in 1916. During the next five years he was district engi- 
neer for the Rush Machinery Company, Pittsburgh, Pa., holding the 
honorary title of vice-president. In 1921-1922 he was Pittsburgh dis- 
trict sales engineer for the Underfeed Stoker Company of America 
and then held a similar position with the Sanford Riley Stoker Com- 
pany for nearly two years. 

Between then and 1926 Mr. Page was a member of the firm of Geo. 
B. Page & Co., in Pittsburgh, leaving there to become associated with 
B. F. Sturtevant Co., New York. He had been with The Terry 
Steam Turbine Company since January 1, 1932. He was well versed 
in both sales and installation work in his field. 

Mr. Page became an associate-member of the A.S.M.E. in 1924, 
and had belonged to the Engineering Society of Western Pennsylvania 
and the Association of Iron and Steel Electrical Engineers, and to 
Alpha Chi Rho fraternity. 


GEORGE EDWARD PERKINS (1877-1934) 


George Edward Perkins, who died at the Brooklyn Hospital on 
May 4, 1934, was born in Newburyport, Mass., on November 23, 
1877, the son of George Collyer and Sarah (Hinckley) Perkins. He 
attended high school in Amesbury, Mass., for three years, and then 
found work in the boiler and dynamo rooms of the electric light com- 
pany there. From June, 1900, to November, 1902, he secured 
varied experience as operating engineer and electrician in resort 
hotels in New England and Florida. He then became operating 
engineer in charge of the steam plant of W. W. Cross & Co., Inc., 
Brockton, Mass., with which he remained until 1909, and subse- 
quently held a similar position with the T. D. Barry Co., also in 
Brockton. 

Mr. Perkins entered the employ of the Fidelity & Casualty Co. of 
New York, in November, 1911, as a boiler inspector. About a year 
later he was transferred to the home office of the company as assistant 
to the chief boiler inspector. He remained with the company until 
the end of January, 1920, his work in connection with the inspectors 
and the insured requiring a knowledge of the design, construction, 
and operation of steam boilers and engines. Since then he had been 
assistant engineer, in the Engineering Department, of the Royal 
Indemnity Company, New York, his duties being similar to those 
of his previous position, but involving more responsibility. 

Mr. Perkins became a member of the A.S.M.E. in 1925, and was 
active in the masonic fraternity and Odd Fellows, holding several 
offices. He is survived by his widow, Alice L. (Duston) Perkins, 
whom he married in 1904, and by a daughter, Helen M. Perkins. 


GEORGE SIMEON PERKINS (1868-1933) 


George Simeon Perkins, who had been engaged in contracting and 
superintending construction in and about San Francisco, Calif., for 
some years, died suddenly on June 21, 1933, at his home in Oak- 
land, Calif. He had been in failing health for two years. 

Mr. Perkins was born at Bridgeport, Conn., on August 14, 1868, 
the son of George B. and Maryetta (Blood) Perkins. After complet- 
ing his high school course in that city he attended the Stevens In- 
stitute of Technology, Hoboken, N. J., securing a degree in mechani- 
cal engineering in 1891. During the next six years he worked for the 
Dow Typesetting & Composing Co., New York, the Philadelphia 
Traction Company, and the East Jersey Water Company, in connec- 
tion with the installation of pumping engines at Little Falls, N. J. 
Subsequently he was employed by the Ingersoll-Sargeant Company, 
on central station air plants, and by several portland cement plants 
no longer in existence, including the Pacific, Hecla, and Midland. 

Mr. Perkins became a member of the A.S.M.E. in 1926. He is 
survived by his widow, Adela B. Gayer, and by three children, 
Daniel Carter, George Stephen, and Mary Gayer Perkins. 


JOHN McCLARY PERKINS (1878-1934) 


John McClary Perkins, treasurer of the Wittenmeier Machinery 
Co. of N. Y., New York, N. Y., died in the New York Hospital on 
August 10, 1934, of pneumonia. 

Mr. Perkins was born in Washington, D. C., on September 4, 1878, 
the son of John McClary and Lucy (Flagg) Perkins. He attended 
high school at Arlington, Mass., and was graduated from the Massa- 
chusetts Institute of Technology in 1901. During the next three 
years he worked in the steel foundries of the Everett, Mass., branch 
of the General Electric Company, becoming a foreman molder. He 
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then took a position as foundry superintendent at the Saco-Lowell 
Shops, where he installed a complete foundry accounting and cost 
system and put the foundry on a piece-work basis. He left there in 
1909 to build, equip, and put into operation a foundry for the Chal- 
mers Motor Company. 

From 1911 to 1916 he was connected with Turner & Seymour, 
Torrington, Conn., first as foundry manager, and for the last three 
years as sales manager. He then became works manager of the Gil- 
bert & Barker Manufacturing Co., a subsidiary of the Standard Oil 
Company, and put into successful operation there the conference 
committee plan later adopted by all branches of the Standard Oil. 
In 1919 he went to the Kewanee Works of the Walworth Manufac- 
turing Company, where he settled a strike and formed a conference 
committee. He became manager of the McNab & Harlin Manufac- 
turing Co., Paterson, N. J., in 1921, and remained there until about 
1923, when he became treasurer of the Lapham-Perkins Engineering 
Company, of New York. He had been treasurer of the Wittenmeier 
Machinery Company since 1926. 

Mr. Perkins became a member of the A.S.M.E. in 1923, and was a 
former president of the Refrigeration Association of New York. He 
also belonged to the masonic fraternity, Elks, and New York Rotary 
Club. He is survived by his widow, Floye (Dinwiddie) Perkins, 
whom he married in 1906, and by a son, Wilkes D. Perkins. 


ARTHUR FRENCH POOLE (1872-1934) 


Arthur French Poole, who had been granted many patents for his 
inventions in connection with electric clocks and adding machines, 
died at his home in Ithaca, N. Y., on April 26, 1934, after a short ill- 
ness. 

Mr. Poole was born in Cumberland, Md., on August 21, 1872, son 
of Arthur A. and Virginia (French) Poole. He received his early 
education there. Later the family moved to Washington, Pa., 
where he learned the watchmaker’s trade under his father, then 
entered Washington and Jefferson College, with the class of 1891, 
and studied there for three years. Having become interested in the 
newly founded Leland Stanford Jr. University, he went there in 1894, 
taking an A.B. degree in astronomy in 1896. At Stanford he made 
use of his watchmaking training to work his way through college. 
He also spent considerable time at Lick Observatory. 

Mr. Poole returned to Pennsylvania after his graduation and went 
to work as a draftsman for John Brashear, noted maker of telescope 
lenses and scientific instruments, at Alleghany. He left in 1897 to 
work on a clock system of his own invention and in 1899 formed the 
Poole Clock Company, Wheeling, W. Va., to manufacture the clock. 
The company was dissolved in 1902, because of business conditions. 
His interest turning to electrical work, he joined the Mountain State 
Electric Company, of Wheeling, to do development work in connec- 
tion with automatic telephones, and party tine systems. Many of 
his early patents reflect his work here. 

In 1908 Mr. Poole went to Chicago, Ill., where for several years he 
engaged in special development and research work. He worked for 
Jackson and Jackson on a workmen’s time register, for the Holtzer 
Cabot Company, of Boston, on a frequency meter, and independently 
on a speedometer. In 1911 he took charge of the patent and de- 
velopment department of the Wahl Adding Machine Company there, 
and some of his most brilliant work was done in the development of 
adding machine attachments for typewriters. In 1918 the company 
acquired patents on automatic pencils, which enabled it to develop 
and market the Eversharp pencil, and Mr. Poole’s inventive genius 
assisted materially in this work. He was made a director and vice- 
president of the company in 1920, and two years later, when the 
Remington Accounting Machine Corporation, a subsidiary of the 
Remington Typewriter Company, was formed to take over the Wahl 
adding machine business, he went to New York as vice-president and 
general manager of the new organization. He remained active as a 
director of the Wahl company, however, until his death. 

Perhaps due to his early training, he was always deeply interested 
in clocks, especially electric clocks and electric clock systems. His 
first patent, granted in 1899, was for an electric clock. He was a 
pioneer in the development. of the synchronous motor clock, and 
methods of frequency control for them, and many of the earliest 
patents in this field were granted to him. In 1924 he formed the 
Poole Manufacturing Company for the purpose of making a battery 
clock of his invention. He established a factory at Westport, Conn., 
and manufactured these clocks there until 1926, when the business was 
affiliated with the Morse Chain Company, of Ithaca, N. Y., and 
moved to Ithaca. His work in inventing and designing this clock led 
The Franklin Institute to award him a Certificate of Merit in 1933. 

Mr. Poole retired from active business in 1931, but continued in 
development work. At the time of his death he had many patents 
pending in the patent office. Since his first patent was granted in 
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1899, he had received more than one hundred, chiefly in the adding 
machine and electric clock fields. 

Like many scientists, Mr. Poole was a lover of music. He had a 
large collection of symphonic scores, played the ’cello and piano, and 
while in Chicago was a member of a string quartet. 

Mr. Poole became a member of the A.S.M.E. in 1921 and also be- 
longed to The Franklin Institute. 

Surviving Mr. Poole are his widow, Maryline (Barnard) Poole, 
whom he married in 1904; two daughters, Mrs. Martin D. Hardin, 
Jr., of New York, N. Y., and Miss Elizabeth Poole, of Ithaca; and 
three sons, Frank and John Poole of Ithaca, and Arthur B. Poole, of 
Bristol, Conn. 


WILLIAM BANCROFT POTTER (1863-1934) 


William Bancroft Potter, for many years engineer for the railway 
department of the General Electric Company, Schenectady, N. Y., 
died at his home in that city on January 15, 1934. Mr. Potter was 
one of the best known electric traction engineers in the United States. 
His career went back prior to 1890, when electric street cars were still 
struggling to overcome technical difficulties and public prejudice. 
His contributions to the electric traction art were substantial and 
long continuing. Many of them were covered by the 130 patents 
which had been issued in his name. 

Mr. Potter was born on February 19, 1863, at Thomaston, Conn., 
the son of Horace and Charlotte (Pierce) Potter. He gave early 
evidence of his mechanical aptitude and during the latter years of 
his school life spent his vacations working in the Seth Thomas clock 
factory. After completing the Thomaston high-school course he 
served an apprenticeship as a machinist with Sawtell and Judd, in 
Hartford, Conn. He continued with that company for two years 
after the completion of his apprenticeship, securing further training 
in machine shop and steam engineering work. While repairing sta- 
tionary engines at the plant of the Hartford Electric Light Company 
he became interested in electrical apparatus. He foresaw that the 
development of the electric dynamo would have a marked influence 
upon the future of the steam engine, and this trend in his thinking 
led him to study dynamos and electric generating stations. In the 
summer of 1887 he entered the employ of the Thomson-Houston 
Electric Company, Lynn, Mass. After a period of shop training he 
was sent into the field to adjust trouble in electric light plants which 
the company had installed, and served for a time as superintendent 
of the electric light company at Raleigh, N. C. 

In the fall of 1889, having seen his first electric street car, he re- 
turned to Lynn and became a shop student in electric traction work. 
This was again supplemented by practical experience in the field, 
particularly on the West End Street Railway Company’s system in 
Boston, and others of less importance. 

Later, returning to the Lynn plant, he:aided in the development 
of the Thomson-Houston single-reduction motor for street cars, and 
when Walter H. Knight was appointed engineer of the railway de- 
partment he became Mr. Knight’s principal assistant. He was 
active in working out railway circuit breakers, fuse blocks, lightning 
arresters, and switches. The most serious problem in electric railway 
work at that period was the matter of an efficient controller for electric 
cars. Knight and Potter both worked on this, and ultimately they 
solved the problem by the invention of the series-parallel controller, 
which became the basic method in use all over the country from that 
time forward. Mr. Potter’s part in the development of the controller 
led to his being placed in charge of all control work for street railways. 

In 1894, when the Thomson-Houston Electric Company became 
part of the General Electric Company, Mr. Potter was transferred 
to Schenectady, and in 1895 he was appointed engineer of the railway 
department, succeeding Mr. Knight. He continued in this position 
until his retirement in 1930. In that long interval he witnessed and 
aided materially the tremendous expansion of electric traction in the 
street railway and interurban field, and also participated in the 
earliest installations of electrical equipment upon the lines of steam 
railroads. 

The major projects in which he was associated were the electrifica- 
tion of the Manhattan Elevated Railway of New York, the electri- 
fication of the Grand Central Terminal, and the Paris and Orleans 
railroad in France. Other projects with which he was prominently 
identified included the West Jersey and Seashore, Detroit tunnel, 
Great Northern Railroad, Southern Pacific, Butte, Anaconda and 
Pacific and Milwaukee, Chicago, St. Paul and Pacific railroads. 

A suggestion made by Mr. Potter in the spring of 1896 resulted 
in the establishment of the old General Electric test railroad, or test 
tracks, along the berm bank of the Erie canal, stretching outward 
from the local General Electric plant about a mile and a half. There 
all tests of electric railway equipment were conducted until 1919, 
when the berm bank track was discontinued. 
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On this track were tested early types of gas-electric rail cars, some 
of which later went into commercial service on eastern railroad lines. 
Mr. Potter participated in many of these test trips and had an active 
part in directing the development of the propulsion equipment for 
these cars. 

Possibly his most valuable work within the General Electric Com- 
pany during latter years had been his organization and development 
of a great engineering staff for electric railway and electric railroad 
work. His supervision of the department of which he was the head 
was practically an unbroken stretch of harmonious relations. 

Mr. Potter became a member of the A.S.M.E. in 1897. He also 
belonged to the American Society of Civil Engineers, American In- 
stitute of Electrical Engineers, and Society of Naval Architects and 
Marine Engineers. He served as a member of the A.J.E.E. traction 
and transportation committee during 1916-1917, 1919-1921, and 
1923-1924; its transportation committee, 1925-1932; and its educa- 
tion committee the year before his death. He had contributed many 
articles to the technical societies. 

Mr. Potter had been interested for many years in community life 
and the development of Schenectady. He particularly followed the 
fortunes of the Schenectady Civic Players. He was a man of various 
hobbies, which gave him a means on many occasions of delighting his 
friends. He was a consistent radio enthusiast from the early days of 
the art, and had done independent research and development work 
on a type of radio receiver. 

Mr. Potter’s club memberships included the Engineers’, Trans- 
portation, and Railroad, New York; Mohawk, Mohawk Golf, and 
Edison, Schenectady; and Griswold, Erie. He was twice married, 
his first wife being Loretta Harward, of Raleigh, N. C., whom he 
married in 1890, and his second, who survives him, Rose Hubbard, 
formerly of Sandusky, Ohio, whom he married in 1912. A daughter, 
Dorothy (Potter) Bird, also survives him. 


THOMAS PROSSER (1854-1934) 


Thomas Prosser, senior member of the firm of Thomas Prosser & 
Son, metal dealers, New York, N. Y., died on December 23, 1934, at 
his home in Garden City, L. I., N. Y., after a long illness. A daugh- 
ter, Mrs. John Good, and a son, Thomas H. Prosser, both of Garden 
City, survive him, as do three sisters and four brothers. 

Mr. Prosser, who was the eldest of eleven children, was born in 
Brooklyn, N. Y., on August 24, 1854. He attended the Lafayette 
and Brooklyn Polytechnic Institutes and at the age of twenty-one 
became a member of the firm, which was established by his grand- 
father. He made frequent trips abroad in connection with business 
for the Krupp Steel Works, of Essen, Germany, for which the firm 
became American representative in 1848, and also traveled exten- 
sively in the United States. 

Mr. Prosser became a member of the A.S.M.E. in 1893 and also be- 
longed to the Railroad and Engineers Clubs and the Chamber of 
Commerce of New York. 


FREDERICK GEORGE PROUTT (1870-1934) 


Frederick George Proutt, consulting engineering and chairman of 
the City Board of Water Commissioners of Memphis, Tenn., died in 
that city on May 27, 1934, after an illness of six months. Mr. Proutt 
was born at Bowmanville, Ont., Canada, on November 27, 1870, the 
son of Mark James and Martha (Burke) Proutt. His mother died 
at his birth. He secured his early education in Canadian public 
schools and at the age of seventeen entered the employ of the Cana- 
dian Bell Telephone Company. He worked there until 1890, when 
he took a position as superintendent of the Bowmanville Electric 
Light Company. 

In 1892 Mr. Proutt came to the United States and for two years 
studied electrical engineering at the works of the General Electric 
Company at Lynn, Mass. Upon completion of the course in 1894 he 
became chief electrician and assistant to the general manager of the 
He left New England in 
1897, accepting the position of chief electrician of the Memphis Con- 
solidated Gas & Electric Co., of which he later became general super- 
intendent. During the nine years he spent with this company he 
designed plans for and supervised the installation of the first exten- 
sive underground conduit system for distribution of electricity in the 
city. 

In 1906-1907 Mr. Proutt was general manager for the Electric 
Railway Light & Power Co. at Jackson, Miss., for which he designed 
and installed electric power and gas plants. He returned to Memphis 
at the beginning of 1908 and opened an office for consulting engineer- 
ing practice, specializing in the design and management of public 
utilities. He designed a number of plants in Arkansas, Mississippi, 
and Tennessee, including light and heat plants for the University of 
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Mississippi, Light and Power for the Brownsville Cotton Oil & Ice Co., 
water works and sewage disposal systems for the city of Brownsville, 
and other public utility plants at Friar Point, Laurel, and Cleveland, 
Miss., and at Blytheville, Osceola, and Luxora, Ark., as well as private 
installations in Memphis and vicinity. 

In May, 1917, during the World War, Mr. Proutt entered the First 
Officers Training Camp at Chickamauga Park, Ga. He was com- 
missioned a captain of engineers but subsequently discharged be- 
cause of defective eyesight. He was then appointed consulting 
engineer for the War Finance Corporation at Washington, D. C., and 
devoted two years to Government work in this civil capacity, part of 
the time being spent in Washington and the remainder in Memphis. 
His work included a survey of Tennessee industries for the Naval 
Consulting Board. 

Mr. Proutt became chairman of the Memphis City Board of Water 
Commissioners in 1920, and held that office until his death. His 
able representation of the city in 1920 in the appraisal of the plants of 
the Memphis Consolidated Gas & Electric Co., which were subse- 
quently acquired by the Memphis Power & Light Co., led also to his 
selection in 1921 as consulting engineer for the State Railroad and 
Public Utilities Commission of Tennessee; this connection also con- 
tinued throughout the remainder of his life. 

Mr. Proutt had also served as president of the Consumers Water 
Company, at Blytheville, and as treasurer of the Home Light & 
Ice Co., at Cleveland. At the time of his death he was president of 
the Peoples Finance & Thrift Co., at Memphis, and a trustee of the 
William R. Moore School of Technology, and for five years he was a 
trustee of the Memphis and Shelby County Tubercular Hospital. 

In 1914 Mr Proutt aided in organizing and was the first president 
of the Engineers’ Club of Memphis. To all club activities he was 
generous with his time and resources, the Technical Education Fund, 
which since his death has been given his name, being his chief interest. 
He served as chairman of this fund from the time of its inception. 

He was also a charter member of the Memphis Section of the 
American Institute of Electrical Engineers. He became a member of 
the A.S.M.E. in 1915. He was a vestryman at St. Luke’s Episcopal 
Church in Memphis and had attained the highest degrees in Masonry, 

Surviving Mr. Proutt are his widow, the former Miss Laura J. Yarn- 
old, of Whitby, Ontario, Canada, whom he married in 1895, and a 
daughter, Miss Jean Proutt. A younger daughter, Marjorie, died in 
1925. 


MARK ANTHONY REPLOGLE (1861-1934) 


Mark Anthony Replogle, president of the Replogle Heater Com- 
pany, Akron, Ohio, died at his home in that city on May 25, 1934, 
after a year of poor health. He was born at Martinsburg, Blair 
County, Pa., on September 8, 1861, son of Samuel B. and Margaret 
A. (Hanawalt) Replogle. His father was the inventor of an auto- 
matic buffer and coupling widely used on railroads. His childhood 
was spent in Mifflin County, Pennsylvania, where he attended the 
public schools. Subsequently he taught in the schools there for a 
time, then went to Iowa, where, after a period on a farm, he worked 
in machine shops in Hampton and Ackley. 

In 1885 Mr. Replogle entered the Iowa State Normal School 
at Cedar Falls, where he took a three-year mechanical course, spend- 
ing his vacations as representative of the Akron, Ohio, firm of Ault- 
man Miller & Co. in the harvest fields around Cedar Falls. During 
the next two years he again taught school in Pennsylvania, then be- 
came associated with H. E. Olbrich and H. H. Clay, of Cedar Falls, 
in the manufacture and sale of water-wheel governors. In 1895 the 
manufacturing rights were purchased by the Selle Gear Company, 
of Akron, and the Replogle Governor Works was organized, with Mr. 
Replogle as chief engineer. The Selle Gear Company was later ab- 
sorbed by the Webster, Camp & Lane Co., for which he became hy- 
draulic engineer in 1899. In 1906 he organized the Lombard- 
Replogle Engineering Company, specializing in water-wheel gover- 
nors. The Replogle Heater Company was formed in 1925. 

Mr. Replogle’s interest in water wheels went back to his childhood, 
when he made wheels which he tried out in neighborhood streams. 
From 1889 on he devoted himself to design in this and related fields. 
He held patents in the United States and other countries for his origi- 
nal inventions, which include a discharge gate for turbine wheels, 
an electrical governor, a mechanical speed governor, a sliding toggle, 
mechanical movements, and a smokeless home heater. He was 
associated with the design and construction of a number of water- 
power plants, including one at Sault Ste. Marie, Mich., while he was 
with the Webster, Camp & Lane Co., which was the largest erected 
in the United States up to that time. He furnished the governors 
and turned on the water that started the first turbines of the Niagara 
Falls Paper Company. 

In 1894 he published a treatise entitled, ‘Electricity and Water- 
Power and Their Inter-relations,’’ republished by the Electrical Re- 
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view Publishing Company, New York, in 1896, and his paper on 
“Speed Regulation in Water-Power Plants,’ prepared at the request 
of The Franklin Institute, was one of the earliest works in this coun- 
try on that subject. Other papers by him have appeared from time 
to time in the technical press in this and other countries. 

Mr. Replogle became a member of the A.S.M.E. in 1898. He was 
a 32d degree Mason. He is survived by a son, George B. Replogle, 
and by two daughters, Mrs. Edith (Replogle) Harley and Mrs. 
Wilhelmina (Replogle) Groff, all by his first wife, Emma H. (Steeley) 
Replogle. His second wife, Carrie (Pardee) Replogle, died in Decem- 
ber, 1933. 


MYRON B. REYNOLDS (1880-1934) 


Myron B. Reynolds, city engineer of Chicago, Ill., died at the Ed- 
ward Hines Hospital in that city on January 27, 1934, of cancer of 
the throat. He had been in the service of the city, in various capaci- 
ties, since 1907, although inactive because of his illness for some 
time prior to his death. 

Mr. Reynolds was born at Pana, Ill., on December 12, 1880. He 
entered college at Rose Polytechnic Institute in 1900 and spent two 
years there. He then worked for a year as draftsman on elevated 
railway rolling stock and structures in Chicago and a year in St. Paul, 
part of the time on bridge design for the Great Northern Railway and 
the remainder as draftsman in the Public Works Department of St. 
Paul. He reentered college as a junior at Armour Institute in 1904 
and was graduated two years later. 

Immediately following his graduation Mr. Reynolds entered the 
employ of the City of Chicago. During the next three years he 
worked as engineer in the Bureau of Engineering, in connection with 
tunnel construction, and as office assistant to the assistant city engi- 
neer. He then spent two years as superintendent of concrete bridge 
construction for a contracting engineer in Chicago. He returned to 
the employ of the city in 1911 in the position of assistant engineer of 
the Bureau of Engineering. After two years he was made engineer 
of water-works design and held that position until 1923, when he be- 
came assistant city engineer. In 1917 he was granted leave of ab- 
sence for military duty and served as a major in the Corps of Engi- 
neers for about fifteen months, being stationed at several different 
camps in the United States. 

In 1927, after the death of John Ericson, under whom he had been 
serving as assistant city engineer, Mr. Reynolds was called upon to 
fill the position of acting city engineer for several months and in 1931 
he was appointed city engineer. Many of his recommendations 
have been adopted in modernizing the Chicago water-works system, 
particularly in connection with metering and filtration projects. 
He was senior author, with Arthur E. Gorman, city filtration engi- 
neer, of a paper on “Chicago’s Water Pollution Problem, Past, 
Present, and Future,’’ which brought him the award, just a few days 
before his death, of the medal of the Illinois Society of Engineers for 
the best paper published by one of its members in 1933. 

Mr. Reynolds became a member of the A.S.M.E. in 1924. He 
also belonged to the American Water Works Association and was 
commander of a post of professional engineers of the American Legion 
in Chicago. He is survived by his widow, Irene Reynolds, and by a 
son, Myron, Jr. 


PALMER CHAMBERLAINE RICKETTS (1856-1934) 


Palmer Chamberlaine Ricketts, president and director of the 
Rensselaer Polytechnic Institute, which he had served as instructor to 
president during sixty successive years, and honorary member of the 
A.S.M.E., died at the Johns Hopkins Hospital, Baltimore, Md., on 
December 10, 1934. 

From an institution of less than two hundred students he had seen 
Rensselaer grow to seventeen hundred students and from two build- 
ings to twenty or more. For most of this growth he was largely re- 
sponsible, owing to his scholarship, foresight, and administrative 
ability. Of the present buildings used by the Institute, only three 
were erected before his presidency. At present there are twelve 
distinct courses offered by the Institute, of which only one was offered 
at the time he undertook the direction of the Institute. This expan- 
sion has been the result of his conception of the field of endeavor of a 
true polytechnic institute. 

Palmer Ricketts, the son of Palmer C. and Eliza (Getty) Ricketts, 
was born at Elkton, Cecil County, Maryland, on January 17, 1856. 
His early boyhood was spent in Maryland, but in 1865 after the 
death of his father the family moved to Princeton, N. J., and here he 
was prepared for college by Mr. John Howard O’Brien, a tutor in 
Latin of Princeton College, and entered the Rensselaer Polytechnic 
Institute in September, 1871, at the early age of fifteen. 

His high scholastic record was remarkable and was gained while he 
participated in the student activities of that day. In 1875, at the 
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age of nineteen, he received his degree of Civil Engineer with twenty- 
three other young men. 

In 1874, during the student days of Palmer Ricketts, the Institute 
celebrated the Fiftieth Anniversary of its founding and from the 
student body of less than 200 members, eleven men received the de- 
gree of Civil Engineer in that year. The C.E. degree was the only 
degree conferred by the Institute at that time. 

On account of his high scholarship Palmer Ricketts was offered an 
instructorship in mathematics and astronomy, which so appealed to 
him that he accepted this rather than entering at once into the prac- 
tice of engineering in the activities of that day, although he carried 
on practical work in connection with his teaching, as assistant engi- 
neer of the Troy and Boston Railroad in 1876. 

In 1882 he was made an assistant professor of mathematics and 
astronomy, and in 1884 he was appointed the William Howard Hart 
Professor of Rational and Technical Mechanics, which had previously 
been held by the late William H. Burr. The success of his teaching 
in structures and hydraulics was so outstanding that he was a con- 
sultant in bridge engineering of the Rome, Watertown, and Ogdens- 
burg Railroad from 1887 to 1891, the engineer of the Public Improve- 
ment Commission of Troy from 1891 to 1892, the River Commission 
of Corning from 1897 to 1898, and the designer and supervisor of erec- 
tion of a number of bridges and hydraulic structures. 

His work at the Institute prepared him as an expert in patent 
cases and he presented testimony in important litigations between 
the years 1886 to 1897. 

In 1892, after the resignation of Director D. M. Green, Palmer 
Ricketts, at the age of thirty-six, became the director of the Institute 
under the presidency of John Hudson Peck, a lawyer of the City of 
Troy, N. Y. The separation of the directorship from the presidency 
caused much difficulty in the management and development of the 
Institute, owing to the lack of understanding of the educational needs 
of the Institute by the presiding officer of the Board, so that the early 
days of Director Ricketts were filled with trips from the ‘‘Hill” to the 
city with requests and arguments. Fortunately, in 1901 the two 
offices were combined and Director Ricketts became president and 
director. Although president for the last thirty years he was always 
affectionately called ‘‘the Director,’ a title which his loyal friends 
used, and, we believe, he liked. 

On November 12, 1902, Director Ricketts married Miss Vjera 
Conine Renshaw, of Baltimore, Md., and this wedding was marked 
by demonstrations of affection and admiration for the Director by 
the faculty and student body. This affection and admiration for 
him has been extended by the faculty and students to his wife, who 
entered into and shared all of his plans and activities during the full 
term of his presidency. 

In 1904 the burning of the main building was the beginning of a 
new Institute, the monument to the ability, wisdom, and persever- 
ance of Director Ricketts. Such a catastrophe as the fire is often a 
blessing in disguise. It proved so in this case. With the major part 
of the plant destroyed, an offer was made to transfer the Institute to 
a large university with the retention of the name of the Rensselaer 
Polytechnic Institute, but President Ricketts with his faculty de- 
termined to remain at Troy and build again on the foundations es- 
tablished three-quarters of a century before. 

After a conference with the late Capt. Robert W. Hunt, Director 
Ricketts went to Andrew Carnegie and persuaded him to give $125,- 
000 for a new building. Then money was raised to purchase the 
Warren House and grounds on Eighth Street and money was given 
by Mr. J. J. Albright for part of the cost of the William Weightman 
Walker Laboratory, named in memory of a graduate of the class of 
1886. 

Director Ricketts then persuaded Mrs. Russell Sage to give a sum 
of one million dollars to found a course in mechanical engineering as 
& memorial to her husband. This was in the year 1907 and at this 
time the Institute, under the guidance of the Director, inaugurated 
the courses in mechanical engineering and electrical engineering. 

From here on the years have brought to the Institute gifts for build- 
ings and endowment from alumni, friends, and citizens of Troy and 
an enlargement of its field of education. A recital of this progress 
would show the regard and trust which these donors have had in the 
man who indicated the needs of the institution which he had loved, 
served, and directed for more than a generation. 

Following the introduction of courses in mechanical and in electri- 
cal engineering, the course in chemical engineering, and, subsequent 
to 1922, courses, in arts, science, and business administration, in 
physics, in chemistry, in biology, in architecture, in metallurgical 
engineering, in industrial engineering, and in aeronautical engineering 
have been added. A new building which will house the aeronautical, 
industrial, and metallurgical departments, will be called the Ricketts 
Building, in his honor, 

In all of this development Director Ricketts was guided by the 


SOCIETY RECORDS 


thought of service. His theory of admissions and his desire to in- 
crease the work offered by the Institute was inspired by his desire to 
give to those who wanted an education in some field of technology a 
chance to prove their worth. He always thought that offering a 
chance to those who might make good was more important than the 


_ insistence upon formal admission examinations. 


. In the administration of the Institute, he was ever the champion 
of those who did not receive the ‘‘fair deal.” Although believing in 
student activities and student life, he was not willing to have hazing 
or freshman rules interfere with the free life of every member of the 
student body. His stand against hazing came only when this form 
of student life went beyond bounds of decency, fair play, and even 
morality. He was ever willing to remain firm to his convictions, 
even under adverse criticism from students or alumni. His ability 

_ to handle student discipline was remarkable and effective. In its 


. administration he had his fixed conviction, but his great sense of 


humor was a wonderful aid in this work. 


He was interested in the possibility of aid, financial and scholastic, 


for the students needing such. To him personally many owe their 
graduation, for without his aid it would have been impossible to con- 
' tinue. 

Director Ricketts stood for the highest scholarship from students 
and faculty, and never did he deviate from the motto of the Institute, 
“Knowledge and Thoroughness,”’ in his administration of Institute 

) educational policies. He insisted on the traditions of daily recita- 
) tions, and topic work and even in the “scholastic amusements,” as 
Amos Eaton called the work in the laboratories, the work had to be 
tested by final examination. 

In 1924 the Institute celebrated the Centennial of its founding and 
Director Ricketts was most happy in the recognition which came to 
the Institute from governments, prominent engineers, and educational 
institutions of the whole world through the greetings of those in at- 
tendance at these extensive ceremonies. 

Director Ricketts was active in civic affairs as shown by the posi- 
tions held at the time of his death. He was a trustee and vice- 
president of the Troy Public Library, a trustee of Dudley Observatory 
of Albany, N. Y., of the Albany Academy, of the Albany Medical 
College, and the New York State College for Teachers. He was a 


_ director of the Samaritan Hospital of Troy and vice-president of the 
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Rensselaer County Tuberculosis and Public Health Association. 
was also a Director of the National City Bank of Troy. 

In 1905 Stevens Institute of Technology conferred upon Director 
Ricketts the degree of Doctor of Engineering and in six years later 
New York University conferred the degree of Doctor of Laws upon 
him. 

Director Ricketts was a member of the American Society of Civil 
Engineers for many years, a director in 1899-1901, and a vice- 
president in 1916-1917. His connection with The American Society 
of Mechanical Engineers extended over forty-four years, and in 1932 
he was elected to Honorary Membership. Following this election 
by our Society he was also elected an honorary member of the Ameri- 
can Society of Civil Engineers. He was a commander of the Order 
of the Crown of Italy and a Commander of the Legion of Honor 
(France). He was a fellow of the American Association for the Ad- 
vancement of Science and a member of the American Philosophical 
Society. He was also a member of the American Institute of Mining 
and Metallurgical Engineers, the Institution of Civil Engineers of 
Great Britain, and Sigma Xi. 

Director Ricketts has written two histories of the Rensselaer Poly- 
technic Institute and a number of papers have been contributed by 
him to the State Commission on Railroads and on Education, to the 
technical and daily press, and to the Proceedings of technical societies. 
In all of these he was a clear and forceful writer, free from all sham 
and uncertain expressions. 

Not only was Director Ricketts a man of great foresight, adminis- 
trative ability, and perseverance but he was a most helpful leader 
under whom to work. He would listen: carefully to your plans and 

suggestions and then give you the authority to carry out plans which 
he approved. He never withheld praise for good work and in many 
cases where adverse criticism might have been offered by others he 
would take the responsibility himself and assume any blame attached 
to the transaction. His faculty and his trustees were always ready to 
follow his lead after a decision had been reached by discussion. His 
force of character, his human interests, and his devotion to Rensselaer 
' remain as a cherished memory and guiding influence for our work in 
the future. 

As was written of Wren in St. Paul’s so of Ricketts at Rensselaer 
we may write in clear letters: “If you ask for my monument look 
_ about you.’’—ArtTHuR M. GREENE, JR.! 


He 


1 Dean, School of Engineering, Princeton University, Princeton, 
N. J. Past Vice-President, A.S.M.E. 
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WILLIAM ROBINSON (1876-1934) 


William Robinson, master mechanic for the Eberhard Faber Pencil 
Company, Brooklyn, N. Y., died in that city on December 31, 1934, 
after an illness of several months. He is survived by his widow, 
Elizabeth (Thomson) Robinson, whom he married in 1906, and by 
two daughters, Mrs. Helen (Robinson) Fairchild and Miss Dorothy 
T. Robinson. 

Mr. Robinson was born in Calderbank, Scotland, on March 3, 
1876, son of Andrew and Margaret (Watson) Robinson. He was 
educated in the United States, attending grammar school and evening 
high school in Brooklyn, and taking a mechanical engineering course 
through the Alexander Hamilton Institute. He then served an ap- 
prenticeship as a machinist with Ball & Jewell, Brooklyn, shortly 
afterward (in 1898) becoming a naturalized citizen of the United 
States. 

After working as a machinist for R. Hoe & Co., the Progressive 
Iron Works, Chelsea Fibre Mills, and a few small shops, he entered 
the employ of the Eberhard Faber Pencil Company in 1907. He was 
a machinist for the company for about three years and foreman for 
two and a half years prior to becoming master mechanic. He did 
much to develop the products of the company, and held patents on 
several inventions of his own, including a mechanical pencil and a 
pencil lengthener. 

Mr. Robinson became an associate-member of the A.S.M.E, in 
1915, was president of the Bayview Park Association, Port Wash- 
ington, L. I., at the time of his death, and belonged to the masonic 
fraternity. 


VERNON ROYLE (1846-1934) 


Vernon Royle, president and treasurer since 1885 of John Royle & 
Sons, machinery manufacturers of Paterson, N. J., died of pneumonia 
at his home in that city on December 17, 1934. Four distinct lines 
of industry bear the impression of his inventive and manufacturing 
ability—photo-engraving, textile and fire-hose weaving, rubber goods, 
and electrical insulation. 

Mr. Royle was born in Paterson on June 9, 1846, the eldest son of 
John Royle, Sr., of English ancestry, who founded the Royle ma- 
chinery business in Paterson in 1855. His mother was Agnes Houston 
Royle, a native of Scotland. His early education was acquired in 
the ‘‘pay schools” of Paterson, public schools not having been estab- 
lished there until about 1858. 

He served an apprenticeship in patternmaking with Wm. G. & J. 
Watson, machinists of Paterson, from 1864 to 1868. He then se- 
cured a position in the engravers’ joining business of Heber Wells, 
later Vanderburg & Wells, in New York, N. Y. This contact with 
the boxwood engraving trade and with the early experiments in 
photo-engraving led to his later improvements in machinery for that 
industry. 

In 1877 Mr. Royle decided to join the Paterson machine business. 
He became president when his father retired eight years later and 
under his guidance and subsisting almost wholly upon his own in- 
ventions, the Royle machine shop of the seventies grew to a modern 
manufacturing plant doing a business that was international in its 
scope, and the leader in each of its numerous lines. It remained a 
partnership until 1898, when it was incorporated under the same name 
of John Royle & Sons. Mr. Royle continued active in the manage- 
ment of the business until his death. 

In photo-engraving and related processes, Vernon Royle’s machin- 
ery for routing, lining, beveling, trimming, and blocking plates for 
the printing press has materially furthered the development of the 
world’s illustrative arts during the past fifty years. Substantially 
all commercial weaving of figured textile goods is done today through 
the medium of jacquard pattern cards made on Royle card-cutting 
machines. Woven fire hose and gasoline service station hose are 
productions of Royle circular looms. 

In the rubber industry, automobile tire treads and inner tubes are 
made in vast quantities on Royle tubing machines. The same is 
true of miscellaneous tubing, garden hose, pencil tips, rubber heels, 
and hundreds of other articles in soft and hard rubber and celluloid. 
Royle machinery for applying rubber insulation upon electric wire 
and cable is likewise the standard process of manufacture. 

Mr. Royle was keenly interested in his community. He was sec- 
retary of the Paterson Board of Education from 1872 to 1889 and for 
several terms was a member of the board. He had been a director of 
the Hamilton Trust Company of Paterson for 25 years, was a director 
of the Cedar Lawn Cemetery Association, and a member of the local 
Taxpayers Association. He was a former member of the Passaic 
Valley Sewage Commission. 

Mr. Royle became a member of the A.S.M.E. in 1907 and also be- 
longed to the New Jersey Historical Society, the masonic fraternity, 
and the Hamilton Club, of Paterson. 
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He was married in 1872 to Miss Jeannie Malcolm, who died in 
1908. He is survived by a son, Vernon E. Royle, now president of 
the company, and by three grandchildren and two great grand- 
children. 


GEORGE NICHOLAS SAEGMULLER (1847-1934) 


George Nicholas Saegmuller, formerly a member of the firm of 
Bausch & Lomb Optical Co., Rochester, N. Y., died at his home 
in Clarendon, Va., on February 12, 1934. He was born just 87 years 
before, on February 12, 1847, at Neustadt-an-der-Aisch, Bavaria, 
the son of J. L. and Babette (Bertholdt) Saegmuller. 

After four years’ training at the polytechnic school at Nuremberg, 
Mr. Saegmuller went to England, where he was employed as drafts- 
man for four years, 1865-1869, by Cooke & Sons, York, manufac- 
turers of astronomical instruments. The following year he served in 
the German Army as a one-year volunteer and from 1870 until 
1905 was a partner in the firm of Fauth & Co., Washington, D. C., 
manufacturers of astronomical and engineering instruments. This 
firm combined with the Bausch & Lomb Optical Co. in 1905 and Mr. 
Saegmuller held the office of vice-president of the latter until he re- 
tired from business in 1925. 

In Who’s Who in Engineering for 1931 will be found the following 
statement regarding Mr. Saegmuller’s achievements: ‘Among 
engineers (he was) best known as the inventor of the solar attachment 
by means of which the true meridian is found by a single observation 
of the sun and which is largely used in the surveys of public lands. 
In astronomical circles he is known as the inventor of the Star Dials 
which make circles on equatorially mounted telescopes unnecessary 
and by means of which a star may be found without computing the 
hour angle; also for accurate graduations produced on automatic 
dividing engine. For the last thirty years his most important work 
was in connection with the developments of fire control instruments 
for the American navy. He, with the then Captain Samson, origi- 
nated for our navy the first telescopic gunsights, boresights, and in 
fact all fire control instruments used in our navy and most important 
of all the development of our large rangefinders which are found in 
every turret of our battleships.”’ 

Mr. Saegmuller became a member of the A.S.M.E. in 1911. He 
also belonged to The Franklin Institute, the American Association 
for the Advancement of Science, and several clubs. 

Mr. Saegmuller married Maria J. Vandenbergh, in Washington, 
D. C., in 1874, and is survived by her and by their three sons, J. L., 
Fred B., and George M. Saegmuller. 


EDWIN JOEL SANDERSON (1877-1934) 


Edwin Joel Sanderson, manager of the A. C. Ramsey Co., an in- 
surance firm of Terrell, Texas, since 1934, die in Dallas, Texas, on 
December 27, 1934. He was born at New Vienna, Ohio, on 
February 18, 1877, the son of Francis Wyatt and Frances B. (West) 
Sanderson. After a year at the Ohio State University he en- 
tered the employ of James Leffel and Company, Springfield, Ohio, 
manufacturers of water wheel turbines. He remained with this 
company until 1931, working as draftsman for five years, the latter 
part of the time in charge of the department, then eight years in 
the engineering department, four years as sales engineer, twelve as 
sales manager, and the remainder of the time as general manager of 
the turbine department. He was manager of the Clark Screw Ma- 
chine Company, Springfield, for a short time before going to Texas. 

Mr. Sanderson became a member of the A.S.M.E. in 1930. He had 
been secretary-treasurer of the Terrell Building and Loan Associa- 
tion since 1932, had served as a director of the Rotary Club in both 
Springfield and Terrell and was chairman of the club’s Crippled 
Children’s Committee. He was a 33d degree Mason and had been 
a director of the Chamber of Commerce in Springfield and Terrell. 
He is survived by his widow, Carrie D. (Van Loan) Sanderson, whom 
he married in 1932. 


NORMAN ROBERT SEIDLE (1877-1934) 


Norman Robert Seidle, whose death occurred in Chicago, IIl., on 
May 14, 1934, was born in Lebanon, Pa., on January 25, 1877, the 
son of Christian and Jane (Mull) Seidle. He studied at Franklin and 
Marshall College for two years and at Swarthmore College for one 
year, then entered the employ of the Standard Boiler Works at Leba- 
non. With the exception of about a year (1900-1901) spent with the 
Nerth Penn Iron Company, Philadelphia, he was connected with the 
Standard Boiler Works until 1904, rising to the position of superin- 
tendent and assistant manager, in charge of steel-plate construction. 

From 1904 to 1919 Mr. Seidle was manager of the Plate Construc- 
tion Department of Joseph T. Ryerson & Son, Chicago, He had 
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charge of the design and manufacture of boiler specialties, and of 
steel pipe lines for hydroelectric developments and water supply, as 
well as of general plate construction and erection and pressed steel 
work. 

After leaving the Ryerson company Mr. Seidle spent three years 
as general manager of James G. Heggie & Sons Co., Joliet, Ill.; 
about a year in the same capacity with the General Boiler Company, 
Waukegan, Ill.; a similar period as manager of the boiler department 
of the Harrisburg (Pa.) Manufacturing & Boiler Co.; seven years as 
treasurer and general manager of the McAleenan Bros. Co., and vice- 
president of its successor, the McAleenan Corporation, Pittsburgh, 
Pa.; and two years as vice-president and general manager of the 
Youngstown Boiler & Tank Co. In December, 1933, he became execu- 
tive director of the National Steel Tank Association and secretary- 
treasurer of the Code Authority of the metal tank industry, the posi- 
tion he held at the time of his death. 

During the World War Mr. Seidle was a civilian member of the 
Procurement Division of the United States Army, and a ‘‘Minute 
Man.” He became an associate of the A.S.M.E. in 1917, was a past- 
secretary of the Joliet Rotary Club, and belonged to the Delta Tau 
Delta fraternity and the Odd Fellows. He was deeply interested in 
religion and for many years had served as a vestryman in the Episco- 
pal Church. 

Mr. Seidle is survived by two sons, N. Robert and Charles A. 
Seidle. His wife, Florence (Wedekind) Seidle, whom he married in 
1905, died in 1926. 


GEORGE HOTCHKISS SMITH (1851-1934) 


George Hotchkiss Smith, whose death occurred in Providence, 
R.I., on June 7, 1934, had been a member of the A.S.M.E. since 1881. 
The fifty-year medal of the Society was presented to him in 1931. 

Mr. Smith was born in New Britain, Conn., on December 22, 1851. 
He supplemented his public schooling with study at Cooper Union, 
New York, and served an apprenticeship in the machine shop of 
Smith & Garvin, at Bricksburg (now Lakewood), N. Y. In 1878 
he went to Providence, to work as a draftsman for the Brown & 
Sharpe Manufacturing Co. He was made chief draftsman the fol- 
lowing year, and remained in that position until 1885, when he 
entered business with Elmer A. Beaman under the firm name of 
the Beaman & Smith Co. He retired from business about the year 
1915 because of ill health. 

Mr. Smith was a past-president of the Providence Engineering 
Society and a member of the masonic fraternity. He is survived by 
a son, Walter J. B. Smith, of Providence. His wife, Louise J. 
(Luther) Smith, whom he married in 1882, died in 1916. 


NATHANIEL AUSTIN SMITHWICK (1864-1934) 


Nathaniel Austin Smithwick died on July 6, 1934, at his summer 
home, Waites Landing, Falmouth Foreside, near Portland, Maine. 
He had made his home in Maine since his retirement in 1912. 

Mr. Smithwick was born at Damariscotta, Me., on March 25, 
1864, the son of Captain Frank and Caroline (Austin) Smithwick, 
and as a boy he sailed with his father to many ports. He attended 
Lincoln Academy, Newcastle, Me., and Phillips Exeter Academy, 
Exeter, N. H., spent six months as an apprentice machinist with 
Barrett Bros., Boston, and was graduated from Worcester Polytechnic 
Institute, with a B.S. degree, in 1886. 

After his graduation Mr. Smithwick spent a year as machinist at 
the Thomson-Houston Electric Company, at Lynn, Mass., and two 
years as draftsman for Erastus Woodward, mechanical engineer of 
Boston. The remainder of his engineering work was done for the 
Goulds Manufacturing Company, of Seneca Falls, N. Y. He was 
draftsman for five years, manager of the designing and experimental 
department for eleven years, and after that chief engineer of the com- 
pany. He was largely instrumental in introducing triplex power 
pumps into mining, oil refining, water works, and other fields. He 
took part in a series of efficiency tests of motor-driven triplex pumps 
during his early days with the company, and later designed and super- 
vised the installation, at Austin, Texas, of the first electrically oper- 
ated water works pumping plant in the United States. In 1910 he 
went to South Africa to further the use of electric power pumps in 
mining operations. He held patents for governor valves for auto- 
matic pumps and for an improvement in vertical suction pumps. 

Mr. Smithwick became a member of the A.S.M.E. in 1916 and 
was always keenly interested in scientific and engineering develop- 
ments. Yachting and yacht designing were naturally of special 
interest to him, in view of his early trips with his father. 

Surviving Mr. Smithwick are his widow, Mabel (Kenney) Smith- 
wick, whom he married in 1901, and their only son, Austin K, Smith- 
wick, 


14 son of Dr. Michael and Mary (Elzey) Stone. 


* president of the firm in 1928. 
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THOMAS WADE STONE (1877-1933) 


Thomas Wade Stone, vice-president and general manager of The 
Western Gas Construction Company, Ft. Wayne, Ind., died on Sep- 
tember 28, 1933, at the Methodist Hospital in that city, a few hours 
after suffering a stroke of apoplexy. 

Mr. Stone was born on October 4, 1877, at New Corydon, Ind., a 
The family moved to 
New Bremen, Ohio, when he was a small child and he attended public 
schools there and was graduated from the New Bremen High School 
in 1894. He then taught school for two years at Kettlersville, Ohio, 
a small town near New Bremen, and for one year at New Bremen. 
He attended Armour Institute at Chicago for a year and then entered 
Ohio State University at Columbus, from which he was graduated 
in 1902 with a degree in mechanical engineering. He won honors in 
mathematics and was elected to membership in Sigma Xi, honorary 
scientific fraternity. 

Following his graduation from the university Mr. Stone went to 


Fort Wayne to become draftsman for The Western Gas Construction 


Company. He was advanced to the position of chief draftsman the 
following year, became chief engineer in 1916, and was made vice- 
In 1931 he also became general man- 
ager of the plant. Patent office records dating back to 1914 show 
the result of Mr. Stone’s inventive ability in the gas manufacturing 
industry. The inventions credited to him include various mecha- 


) nisms for use in the manufacture of gas, purifying devices, and other 


) apparatus for the industry. 

Mr. Stone became a junior member of the A.S.M.E. in 1903 and a 
member in 1916. He also belonged to the American, Canadian, and 
Indiana Gas Associations and to a number of clubs in Ft. Wayne, in 
many of whose civic activities he was actively interested. He be- 
longed to several of the higher orders in the masonic fraternity. 
During the World War he aided in the manufacture of phenol at 
the plant of The Western Gas Construction Company for use in mak- 
ing explosives. He participated in numerous drives for the sale of 
Liberty Loan bonds, raising money for the Red Cross, and other war 
activities. 

Mr. Stone was married to Miss Dorothy M. Greiwe, of New 
Bremen, in 1905, and is survived by her and by two sisters. 


EDWIN STRUCKMANN (1872-1934) 


Edwin Struckmann, since 1928 connected with the Lone Star 
Portland Cement Company of Kansas, died in Kansas City, Mo., 
on March 15, 1934. He was born at Aalborg, Denmark, on April 24, 
1872, the son of a Danish sea captain. He served a four-year ap- 
prenticeship at the Nielsen & Winther Tool & Machinery Co., Copen- 
hagen, and worked for some months as a mechanic at Kofoed & 
Hauberg’s Machine Co. in that city. He also passed examinations 
for engineering service in the Danish Mercantile Marine and was a 
reserve assistant engineer in the Danish Royal Navy for about seven 
months. 

His desire to become a navigating officer, however, was not to be 
fulfilled. On the return from a trip before the mast to South America 
his eyesight proved defective. He turned to engineering with the 
hope of becoming a ship’s engineer, but after his graduation in 1896 
from the Technical Institute in Copenhagen, he became interested 
in brick plants, and entered the employ of F. L. Smidth & Co., of 
Copenhagen. He was connected with this company for ten years, 
working in various capacities from draftsman to engineer in charge 
of construction and operation of brick and cement plants. One of 
his assignments was the construction of a brick plant in the northern 
part of Sweden, where the region was so desolate that a railroad and 
town had to be built before work on the plant itself could be started. 
Later he was sent to Russia to reconstruct and operate a brick plant 


, and was there during the Russo-Japanese War, suffering many of the 


A daughter, born to Mr. and Mrs. Struck- 


hardships of the times. 
His final assign- 


mann in Sweden, died while they were in Russia. 


| ment with the compary was the construction of a plant for the Cana- 


dian Portland Cement Company at Port Colborne, Ontario, Canada. 
Since 1907 Mr. Struckmann had been connected with a number of 
portland cement companies in the United States. For something 
over three years he was superintendent of the Kansas City Portland 
Cement Company’s plant and from then until the fall of 1911 held a 
‘similar position with the Continental Portland Cement Company 
of St. Louis, Mo. He then went to Des Moines, Iowa, where he was 
superintendent of the Iowa Portland Cement Company’s plant until 
1920 and then was connected with the Pyramid Portland Cement 
Company, first as vice-president and general manager, and from 1922 
to 1925 as president and general manager. 
From 1925 to 1929 he was employed by the Knickerbocker Port- 
‘land Cement Company, Hudson, N. Y.., first as superintendent, then 
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as general superintendent. In 1929 he became general superinten- 
dent of the Western Division of the Lone Star Cement Company of 
Kansas, at Kansas City, Mo. At the time of his death he was 
stationed at Bonner Springs, Kan. 

Mr. Struckmann became a member of the A.S.M.E. in 1913, and 
belonged also to the American Society of Danish Engineers. He is 
survived by his widow, Marie V. (Olsen) Struckmann, whom he 
married in 1900, and by a son, Holger Struckmann, as well as by a 
sister, Mrs. Holden Knudsen, of Copenhagen, Denmark. 


CHARLES ANTHONY SUPIOT (1906-1933) 


Charles Anthony Supiot, mechanical engineer for Hires, Castner 
& Harris, Inc., Philadelphia, Pa., died of pneumonia on May 21, 
1933. 

Mt. Supiot was born at Westtown, Pa., on October 6, 1906, the 
son of Charles Aime and Cecilia Supiot. He was graduated from the 
University of Pennsylvania in 1929 with a B.S. degree in mechanical 
engineering. He had been connected with Hires, Castner & Harris, 
Inc., since his graduation, beginning as a draftsman and subsequently 
becoming mechanical engineer for the company. 

Mr. Supiot was a member of the A.S.M.E. Student Branch at the 
University of Pennsylvania and became a junior member of the 
Society upon graduation. He is survived by his mother; his father 
died in November, 1933. 


CARROLL D. THOMAS (1863-1934) 


Carroll D. Thomas, for nearly fifteen years chief boiler inspector 
for the State of Oregon, died at St. Vincent’s Hospital in Portland, 
Ore., on December 24, 1934. He was born on November 13, 1863, 
at Hollansburg, Ohio, where he spent his early life. He attended the 
Central Normal College at Danville, Ind., for two years, and taught 
school and was principal of public schools in Ohio and Indiana for a 
number of years. He went to Oregon in 1884 and taught school in 
that state the following two years. He joined the gold rush to 
Alaska during 1887 and became operating engineer for the Tread- 
well Gold Mining Company, of Juneau. He returned to the States 
in 1888, engaging in mining operations in Colorado. In 1890 he went 
to Unionville, Mont., where he worked for a year on erection for the 
McCann Gold Mining Company, and from then through 1893 as de- 
signing, erecting, and operating engineer for the Whitlatch Union 
Gold Mining Company. For ten years beginning in 1894 he was en- 
gaged in erection work in Colorado mines, part of the time in the 
Cripple Creek district and from 1898 on as chief operating engineer 
of the Portland Gold Mining Company at Victor, Colo. 

Mr. Thomas entered the power field in 1905 as operating engineer 
for the Pacific Power & Light Co. at Astoria, Ore. Two years later 
he became boiler inspector for the Hartford (Conn.) Steam Boiler 
Inspection and Insurance Company, in the Portland, Oregon, dis- 
trict. He continued in this position until he became state boiler 
inspector in 1921. 

Mr. Thomas became an associate-member of the A.S.M.E. in 
1925, and was a member of the Conference Committee to the Boiler 
Code Committee of the Society. He had served as chairman of the 
National Board of Boiler and Pressure Vessel Inspectors and as tech- 
nical adviser to the Industrial Accident Commission of the State of 
Oregon. 

Surviving Mr. Thomas are his widow, Mrs. Beatrice Thomas, of 
Salem, and a son, Carl F. Thomas, of Portland, as well as three 
brothers and two grandchildren. 


OSKAR VON MILLER (1855-1934) 


Oskar von Miller, pioneer in electrical generation and distribution 
in Germany, founder of the world-famous Deutsches Museum, Mun- 
ich, and honorary member of the A.S.M.E., died in Munich on April 
9, 1934. His long and honorable career was closely identified in 
Germany with the growth of the electrical industry which has wrought 
far-reaching changes in industrial and domestic life and in western 
culture. He labored with vision, intelligence, and energy, keenly 
conscious of these changes and astute enough to realize the necessity 
of impressing upon the youth of Germany the significance of the 
powerful technological influences that determine the environment in 
which their lives are lived. 

Oskar von Miller was born at Munich, May 7, 1855, the tenth son 
in a family of fourteen children. His grandfather had been director 
in the Academy of Art in Munich, and his father, Ferdinand von 
Miller, the head of a bronze foundry, was an artizan of considerable 
ability and won government awards for his statues. His mother, 
Anna von Pésl, the daughter of a family of high social and govern- 
mental standing, whose marriage with Ferdinand von Miller was 
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contrary to the wishes of her parents, found time, in spite of the large 
family, to keep the books for the foundry. 

The children were strictly brought up and encouraged in self-sup- 
port at an early age. Oskar von Miller attended the Technische 
Hochschule at Munich, and, after having been graduated from it at 
the head of his class, entered the civil service, holding several trans- 
portation posts during the next few years. Among his early engineer- 
ing tasks was the building of a bridge over the River Main in the 
winter of 1879 when the weather was so cold that no one else could 
be found to do the work. 

But von Miller’s major engineering interest, that of the electrical 
industry, began in 1881 when he asked for and received a furlough 
and journeyed to Paris to see the First Electrical Exposition. Here 
he became intensely interested in electricity and its applications with 
the result that he organized an electrical exhibit in Munich in 1882, 
at which the French engineer, Deprez, successfully transmitted di- 
rect current from Miesbach to the Glaspalast in Munich, a distance 
of 57 km. 

Following the successful Munich exhibit, von Miller was sent 
abroad to France, England, and America to study the technology of 
the infant electrical industries. It was on this journey that he met 
Edison for the first time, and while in Vienna, after his return home, 
he was invited by Emil Rathenau to join in the introduction of Mr. 
Edison’s electric lighting plants in Germany. He refused this un- 
expected and flattering offer because of his desire to spend his talents 
and energy in the service of the Bavarian state. He envisioned the 
development of the water-power resources of Bavaria, but his superior 
considered the plans premature. Perhaps it was the spirit of the 
times, combined with his own enthusiasm and the experiences of his 
travels that inspired young von Miller in the vision he was to live to 
see a reality many years later. The young German empire, politi- 
cally powerful after the crushing defeats of Austria and France, and 
guided by the forceful Bismark, was emerging from an agricultural 
into an industrial nation of first rank, rich in resources of materials 
and human energy, and possessed of the scientific spirit which pro- 
vides the basis for technological growth. Progress and technological 
development were in the air. 

In Berlin, Emil Rathenau had formed the German Edison Com- 
pany, now known as the A.E.G., and in 1883 von Miller joined him 
as a director of the company. By 1884 they had opened the first 
central station in Berlin. Here the boilers were set above the engine 
room where Edison bipolar dynamos were driven by belt, three to 
every engine. For the next five years they were busy developing 
electrical power plants throughout Germany. 

Yielding to his desire to return to his native Munich, von Miller 
left the A.E.G. in 1889. Life was not easy, but the director of the 
Portland Cement Works at Lauffen sought him out with a proposition 
to supply the city of Heilbronn with power from Lauffen. This 
he accomplished, completing the work just prior to the electrical 
exposition at Frankfurt, in 1891, of which he became the president. 

While power had been transmitted at the Munich exposition, elec- 
trical generation was there the major interest. Electrical transmis- 
sion over considerable distances appealed to von Miller and the idea 
of transmitting electricity from his Lauffen plant to Frankfurt seemed 
worth trying. Consultation with Charles E. L. Brown convinced 
him that an alternating current could be so transmitted, as indeed it 
was, at 25,000 volts over a three-phase system 178 km in length. 
Of the 234 horsepower at Lauffen, 181 reached Frankfurt, a loss of 
only 22.6 per cent. In the same year, at Kassel, von Miller installed 
the first alternating-direct-current system, in which electricity was 
transmitted as alternating current and converted to direct current 
for use. 

Following the Frankfurt exhibition, von Miller was firmly estab- 
lished as an electrical engineer and his genius was providing electric 
lighting and power plants throughout Germany. Space will not 
permit even a list of these projects. His interests spread to railway 
electrification and to the use of electricity in the chemical industry 
and for cooking and domestic appliances. In 1911 there were initi- 
ated the plans for the comprehensive hydroelectric power develop- 
ment of Bavaria, totaling 600,000 kva and comprising the famous 
168,000-hp project at Walchensee, opened in 1924, with its 1000 km, 
100,000-volt transmission system, and a yearly output of 180 million 
kilowatthours. Thus came to fruition the dream of his young man- 
hood. In 1930, an extensive plan for the electrification of all of 
Germany engaged his attention. 

But important as these engineering achievements of von Miller 
proved to be, he is best known throughout Germany and the world 
at large for the Deutsches Museum in Munich. His interest in the 
museum idea is said to have originated in a visit to Kensington Mu- 
seum in 1878 when he saw the famous ‘‘Puffing Billy,” built by Wil- 
liam Hedley in 1813, and Stephenson’s ‘‘Rocket.” Lying fallow in 
his mind for a quarter of a century, the idea of a museum for his 
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native city in which laymen and young people could see the industrial 
foundations on which our present civilization is based was presented 
by him to a group of government representatives, fellow citizens, 
scholars, and technologists in 1903, and he became the founder, 
president, and director of the institution. To this project he gave the 
best of his energy and enthusiasm and drove it through to an amaz- 
ingly popular success in spite of tremendous difficulties. 

When it outgrew its original quarters a few years after its opening, 
the city of Munich provided a commanding site for new buildings on 
a beautifully located island in the River Isar. Here, in 1925, after 
the long delay of the War, the present museum was opened to the 
public. Thousands of visitors to Munich pass through its 400 sep- 
arate rooms and halls and from a city of 700,000, more than a million 
pass every year along the nine miles of its exhibits. It has provided 
inspiration for the founding of similar museums in this country. 
Space will not permit an estimate of what this great contribution 
means to the world’s understanding of the conditions under which 
men live and how technology is constantly undergoing development. 

Mrs. von Miller, whose death in the fall of 1933 broke a family 
group unusual in its solidarity, was Marie Seitz, the daughter of 
Franz Seitz, a professor at the University of Munich. Of her mar- 
riage to Dr. von Miller in 1884 seven children were born, three sons 
and four daughters, two of whom died at an early age. The family 
was accustomed to meet for a day or an evening together every two 
weeks, and each year gathered for a religious service at the little 
church in Neuhausen where Dr. and Mrs. von Miller were married. 

Von Miller possessed to a rare degree human qualities that en- 
deared him to every one. His tireless energy permitted him to ac- 
complish great deeds and his infectious enthusiasm carried others 
along with him in the pursuit of his objectives. Breadth of vision 
provided these objectives in heroic measure, and a keen sense of his 
obligation to his country and its culture led him to give his services 
to such projects of social significance as the electrical exhibitions of 
his early manhood and the museum and the electrical development of 
Bavaria which occupied his later years. When the great von Miller 
saw a need, he did not stop until he had satisfied it, true to his family 
motto, ‘If I rest, I rust.’ 


JOSEPH ADDISON WADDELL, JR. (1877-1934) 


Joseph Addison Waddell, Jr., western district manager of the Spen- 
cer Heater Company, a subsidiary of the Cord Corporation, with 
offices in Chicago, Ill., died suddenly of coronary thrombosis on 
April 28, 1934, while in St. Louis, Mo. 

The son of Legh Richmond Waddell and nephew. of Senator 
Joseph Addison Waddell, of Virginia, he was born at Staunton, Va., 
on November 5, 1877. He received a B.S. degree in mechanical 
engineering in 1900 and M.E. degree two years later from Virginia 
Polytechnic Institute. While working for his Master’s degree he 
taught mathematics and experimental engineering at the Institute, 
and. during the next year was employed in the erecting and layout 
department of the Deane Steam Pump Company, Holyoke, Mass. 

Mr. Waddell first became associated with the Spencer Heater Com- 
pany, then located in Scranton, Pa., in 1903 as engineer in charge of 
sales and mechanical engineering. Two years later he was made 
general superintendent and in 1913 works manager, with entire 
charge of production. He held this post until 1917, when he was 
released to serve in the Production Division of the Emergency Fleet 
Corporation, United States Shipping Board. He had charge of the 
Boiler Section and was responsible for the allocation of material to 
the various manufacturing companies throughout the United States 
which were building boilers for the Corporation. After the armistice 
he adjusted contracts and claims arising from cancelations of orders, 
remaining with the Corporation until the end of 1919. 

During the next four years Mr. Waddell was connected with Morris 
and Company, of Chicago, as manager of its Phosphate Mining De- 
partment at Bartow, Fla. He directed the construction of a hy- 
draulic plant, including the power plant, washing and separating 
plants, and drying and storage plants, repair shop, and other build- 
ings, and installed the machinery and other equipment. After the 
completion of the plant he directed the operation of the mine and the 
production of pebble phosphate rock until the company was pur- 
chased by Armour and Company, Chicago. A model of the Bartow 
phosphate mine has been placed in the Smithsonian Institution in 
Washington, D. C. 

From then until 1927 he was not engaged in engineering work, and 
in 1924 he resigned his membership in the A.S.M.E., which he had 
held since 1913. He applied for reinstatement in 1930. 

When Mr. Waddell again took up engineering duties in 1927 it was 
with the Spencer Heater Company, located at Williamsport, Pa., in 
the capacity of chief engineer. He held patents on Spencer heaters 
dating back to as early as 1910 and after his return to the company 
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developed the present line of products and was granted patents in 
both the United States and Canada on magazine stoking boilers for 
heating purposes. Since 1933 he had been stationed at Chicago as 
western district manager, but had also continued as chief engineer 
of the company. 

Surviving Mr. Waddell are his widow; a daughter, Martha; and 
a son, Joseph Addison Waddell, 3rd, also with the Spencer Heater 
Company. 


VINCENT L. WALTERS (1868-1934) 


Vincent L. Walters, who became an associate-member of the 
A.S.M.E. in 1920, died on April 30, 1934. He was born at Bilston, 
England, on February 6, 1868, and was educated in that country. 
His father was master mechanic in a large steel mill and the son trained 
for erecting and mill work. He had not worked long in England, 
however, when his brother, in the United States, advised him to come 
to this country. He wished for a position as draftsman, but there 
were so many applicants for such work in New York that for a number 
of years he found erecting and mill work offered better pay. 

Later, however, he obtained work in which he was more interested 
as designer and experimentalist for the Ideal Cash Register Company, 
Bound Brook, N. J. He was connected with this company until 
1901, designing, among other things, a spring winding machine and 
special dies, and having charge of the tool and gage room. 

From 1901 to 1912 Mr. Walters was employed by the Weston Elec- 
trical Instrument Company, Newark, N. J. He designed intricate 
mechanisms for a variety of instruments and machines and for three 
years was in charge of the tool department of the company. 

After a few months in 1912 and 1913 as experimentalist and model 
maker for Sloan and Chase, Newark, Mr. Walters went to Orange, 
N. J., for the manufacture of the Monroe calculating machine, on the 
experimental stages of which he had been working for some time. 
He designed all the tools necessary for its manufacture and was assis- 
tant superintendent of the Monroe Calculating Machine Company 
for four years. 

Mr. Walters next spent several months with the Mehl Machine 
Tool & Die Co., Roselle, N. J., then became superintendent of A. 
Rimelspacher & Co., designing a special thread rolling machine and 
directing the manufacture of machinery and tools. In the summer of 
1917 his aid was solicited by Joseph Gough, of Newark, and during 


‘the following winter he worked on the perfection of a universal joint 


gage for a Government assignment. Subsequently he became fore- 
man for Jackson Waddell, Newark, where he remained until the 
latter part of 1919. He then became general foreman for the Pierce 
Accounting Machine Company, Inc., New York, for whom he carried 
on experimental as well as manufacturing work until 1924. 


FRANK ROSE WHEELER (1878-1934) 


Frank Rose Wheeler, a specialist in condensing equipment, died of 
a cerebral hemorrhage at his home in Chicago, IIl., on March 1, 
1934. 

Mr. Wheeler was born at Wheeler, N. Y., on April 1, 1878, a son 
He was graduated from high 
school in Tacoma, Wash., and subsequently was a special student at 
Leland Stanford Jr. University in 1898 and 1899 and from 1901 to 
1903. During these years he also worked as a draftsman for the 
City of Tacoma and the Northern Pacific Railway, and following his 
graduation, for C. C. Moore & Co., of Los Angeles and San Francisco, 
and as engineer and vice-president of the Tracy Engineering Com- 
pany, Los Angeles, working upon the design of power plants. 

In 1904 Mr. Wheeler became Pacific Coast manager for the C. H. 
Wheeler Mfg. Co., of Philadelphia, in charge of the sale of condens- 
ing apparatus. He took over the Chicago district in 1916 and re- 
mained with the company until 1929, when he became manager of 
the Condenser Heater Department of the Elliott Company, Jean- 
nette, Pa. He spent three years in this position, and during the 
remainder of his life was connected with the Utilities Power & Light 
Co. in Chicago. . 

Mr. Wheeler became a member of the A.S.M.E. in 1909 and also 
belonged to the Western Society of Engineers, the Beta Theta Pi 
fraternity, and to several clubs in Chicago and San Francisco. He 
was a contributor to the technical press. 

Mr. Wheeler is survived by his widow, Blanche (Harper) Wheeler, 
whom he married in Pittsburgh in 1912. 


GEORGE E. WHIPPLE (1890-1934) 


George E. Whipple, solicitor for United Drydocks, Inc., New York, 
N. Y., died of a heart attack at his home in Teaneck, N. J., on May 
3, 1934. He was born in Brooklyn, N. Y., on January 3, 1890, son 
of George E. and Nellie T. (Doody) Whipple. He attended public 
schools in Brooklyn and studied art in New York. The most of his 
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engineering experience was with Theo. A. Crane’s Sons Co., of Brook- 
lyn, with which he became associated in 1917. From then until 1928 
he was located in the New York office of the company, as draftsman 
and designer, and assistant executive. He was also assistant super- 
intendent of the shipyard, supervising all repairs on boilers, engines, 
and hulls. He became solicitor for ship repairs for the company in 
1929 and the following year took the position of solicitor with United 
Drydocks, Inc. He was a licensed ship engineer, first class. 

Mr. Whipple became an associate-member of the A.S.M.E. in 1927. 
He was a 32d degree Mason and belonged to the Sons of the American 
Revolution, Odd Fellows, and Rosicrucians. He was a deputy war- 
den of the New Jersey Fish and Game Commission. In addition 
painting in oils and sketching in pen and ink, he was interested in 
photography and in floral horticulture. 

Mr. Whipple is survived by his widow, Marie B. (Arden) Whipple, 
whom he married in 1920. 


WILLIAM HIGH WILLISTON (1879-1934) 


William High Williston was born on October 10, 1879, at Somer- 
ville, Mass., where he secured his grammar and high-school education. 
He was graduated from the Massachusetts Institute of Technology 
in 1902 with a B.S. degree, and was employed continuously from 
December of that year until his death on June 7, 1934, by Manning, 
Maxwell & Moore, Inc. He spent his early years with the company 
in drafting and designing at the Hancock Inspirator Company and 
Hayden & Derby Manufacturing Co., rising to the position of chief 
designer. He became mechanical assistant to the vice-president of 
the parent company in 1913 and was made assistant works manager 
of the Boston plant three years later. Subsequently he was promoted 
to the position of works manager of that plant, then railroad sales 
manager. He was appointed vice-president in charge of railroad 
sales in 1927, and at the time of his death was director and vice- 
president in charge of railroad sales of the subsidiary company, 
Consolidated Ashcroft Hancock Co., Inc., as well as works manager 
of the Boston plant. 

Mr. Williston became a member of the A.S.M.E. in 1925. He was 
an enthusiastic philatelist. He is survived by his widow, a son and 
a daughter, and his father, Belvin T. Williston. 


WALTER WOOD (1849-1934) 


Walter Wood, of R. D. Wood & Co., Philadelphia, Pa., manu- 
facturers of cast-iron water and gas pipe, died on April 20, 1934, in 
Washington, D. C., while there on a business trip. He was born in 
Philadelphia on December 6, 1849, a son of Julianna (Randolph) 
Wood and of Richard Davis Wood, who was a partner in the firm 
of R. D. Wood & Co., and one of the organizers of the Pennsylvania 
Railroad. 

Mr. Wood was graduated from Haverford College in 1867 with the 
degree of Bachelor of Arts and took post-graduate work at Harvard 
University, securing his A.B. degree there in 1868. He then began 
work in the office of his father, becoming managing partner when his 
father died in 1869. He was also president of the Florence (N. J.) 
Pipe Foundry & Machine Co., owner of The Millville (N. J.) Daily 
Republican, and treasurer of the Cumberland County Gas Company, 
the Millville Electric Light Company, the Millville Water Company, 
and the High Pressure Supply Company. 

Mr. Wood also interested himself in civic affairs. He became a 
member of the Committee of One Hundred (Philadelphia) in 1880, 
and served for four years with this group, which investigated and 
attempted to improve local governmental conditions. From 1887 
to 1895 he served as a Civil Service examiner and was a trustee of 
Haverford College. In recent years he had been an active proponent 
of the plan to build a ship canal across New Jersey, linking the 
Delaware River at Bordentown with Raritan Bay. He advocated 
the project before the House Rivers and Harbors Committee a few 
weeks prior to his death. 

Mr. Wood became an associate of the A.S.M.E. in 1880 and a 
member ten years later. He was one of the organizers and charter 
members of the American Foundrymen’s Association and a member 
of the American Institute of Mining and Metallurgical Engineers, 
American Society for Testing Materials, American Waterworks Asso- 
ciation, and of a number of clubs in Philadelphia, New York, Wash- 
ington, D. C., and Boston. He was a director of the Philadelphia 
Bourse and of the Burlington City Loan & Trust Co. He was un- 
married and is survived by six nieces, and by two nephews, Richard 
and Grahame Wood, all of Philadelphia. 


EDMUND WILHELM ZEH (1867-1934) 


Edmund Wilhelm Zeh, president of the Zeh & Hahnemann Co., 
Newark, N. J., manufacturers of presses, dies, and automatic machin- 
ery for working sheet metals, died on March 17, 1934. 
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Mr. Zech was a native of Germany, having been born at Frankfort- 
on-Main on September 12, 1867, the son of Carl Wilbelm and Cath- 
arina (Emmel) Zeh. At the age of 16 he entered the shops of Collet 
& Engelhard, at Offenbach-on-Main and after two years there spent 
four more in securing drafting-room practice with the company. He 
then entered the technical high school at Darmstadt, from which he 
was graduated in 1891 with an M.E. degree. He returned to the 
employ of Collet & Engelhard as a constructor and continued in that 
work until 1893. 

Mr. Zeh came to the United States in 1893 to see the World’s 
Fair at Chicago and remained to work as a designer for the Niagara 
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Machine & Tool Works, in Buffalo, N. Y. He was made superin- 
tendent of the works the following year, and held that position until 
1904, when he helped to found the Zeh & Hahnemann Co. He held 
patents on percussion power presses, details for double crank presses, 
double action presses, stacking devices, guards, button machinery, 
and can body machinery. 

Mr. Zeh became a member of the A.S.M.E. in 1915. He was presi- 
dent of the Newark Technical Society and a member of the Verein 
deutscher Ingenieure. He is survived by his widow, Anna M. 
(Mantz) Zeh, whom he married in 1889, and by one son, now pres- 
dent of the Zeh & Hahnemann Co, 


The Design and Performance of a 


High-Pressure Axial-Flow Fan 
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By LIONEL S. MARKS! ann THOMAS FLINT,? CAMBRIDGE, MASS. 


This paper deals with the design and performance of an 
eight-bladed axial-flow fan to give high pressures and an 
approximately constant horsepower characteristic. The 
performance in the laboratory indicates the attainment of 
a static pressure of 22.2 in. of water at a peak efficiency of 
77.5 per cent, with a peripheral speed of 40,000 fpm. The 
no-flow horsepower is only 16 per cent greater than at peak 
efficiency. The performance is compared with that pre- 


dictable from wind-tunnel tests of a cascaded series of air 
foils. 


PAPER: published in the A.S.M.E. Transactions in 1934 

discussed the design of a three-bladed axial-flow fan and 

gave results of tests conducted with it. This fan gave a 
peak efficiency of 80 per cent and could develop a static pressure 
(according to tests at 18,000 fpm peripheral velocity) of 18.5 
in. of water at the permissible peripheral speed of 4000,fpm. 
There was one feature about the performance of this fan which 
is shared with many other fans but which was regarded as un- 
satisfactory, namely, the horsepower output increased steadily 
as the air flow was restricted until at the no-flow condition it was 
approximately 125 per cent greater than at peak efficiency. 

The present paper deals with an attempt to design a fan (1) 
for still higher pressures, approximating the practical limits for 
the axial-flow type and (2) with a horsepower input which does 
not rise materially above its value at peak efficiency. It was 
realized that in order to obtain these objectives it would probably 
be necessary to accept an efficiency lower than that of the three- 
bladed fan, but this did not seem important as long as the 
efficiency was high. 


1 Professor of Mechanical Engineering, Harvard University. 
Mem. A.8.M.E. Professor Marks was born in Birmingham, England. 
He received the degree of B.Sc. from the University of London in 

)1892 and M.M.E. from Cornell University in 1894. He was with the 
Ames Iron Works, Oswego, N. Y., in 1894 and then went to Harvard 
University as instructor in mechanical engineering. In 1900 he was 
made assistant professor and in 1909 was advanced to his present posi- 
tion. Professor Marks is the author of ‘‘Steam Tables and Diagrams,” 
“Gas and Oil Engines,’’ ‘“‘Mechanical Engineers’ Handbook,” and 
“The Airplane Engine,” and has contributed numerous articles to the 
technical press. 

2 Designer of conveying equipment, J. W. Greer Company, Cam- 
bridge, Mass. Jun. A.S.M.E. Mr. Flint was graduated from Har- 
vard University with a B.S. degree in 1928, and received his M.S. 
degree the following year from the same University. He has held 
positions as assistant foreman in the cold-rolling department, 
American Steel & Wire Company, 1929-1930; engineer, lead ex- 
trusion department, Simplex Wire & Cable Company, 1930-1933; 
and assistant in mechanical engineering, Harvard Graduate School 
of Engineering, 1933-1935. 

3 “The Design and Performance of an Axial-Flow Fan,’’ by L. S. 
Marks and J. R. Weske, Trans. A.S.M.E., vol. 56, 1934, paper AER- 
56-13, pp. 807-813. 

Contributed by the Aeronautics Divison for presentation at the 
Annual Meeting of Tum American Society oF MrcHanicau En- 
GINEERS to be held in New York, N. Y., December 2 to 6, 1935. 

Discussion of the paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 

until January 10, 1936, for publication at a later date. 

Nore: Statements and opinions advanced in papers are to be 

» understood as individual expressions of their authors, and not those 

of the Society. 
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Ratio of Cascade Litt per Blade to Litt of a Single Blade 
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Fie. 1 Lirt CorrriciIgNTts FoR A CASCADE SprRigs oF AIRFOIL 


SEcTIONS 


Various considerations indicate that a larger hub would be 
necessary and a larger number of blades desirable. It was de- 
cided arbitrarily to use eight blades. 


CascaDE TESTS 


It was proposed to base the design on airfoil theory and wind- 
tunnel constants. No wind-tunnel data were found in the litera- 
ture on the effect of mutual blade interference in a cascaded 
series of airfoils. To supply this information, S. Ober, Associate 
Professor of Aeronautical Engineering, Massachusetts Institute 
of Technology, conducted a series of wind-tunnel tests on a cas- 
cade of five identical airfoils with boundary walls at both ends 
(representing the hub and casing of a fan) and determined the 
lift and drag of the central airfoil which was free from the boundary 
walls. The Gottingen No. 429 profile with a straight chord was 
investigated, and tests were made for various stagger angles B, 
for two angles of attack a, and for a series of values of the ratio 
of separation along the line of stagger to chord length t/c. Ratio 
of the lift observed to the lift on a single blade is shown in Fig. 1 

According to Professor Ober, these tests are neither extensive 
nor accurate enough to warrant complete confidence. The fact 
that they are strongly at variance with the theoretical values of 
Numachi‘* would seem to invalidate Numachi’s theory rather 
than cast doubt on the test results. 

4 “Aerofoil Theory of Propeller Turbines and Propeller Pumps With 
Special Reference to the Effects of Blade Interference Upon the Lift 


and the Cavitation,”’ by F. Numachi, Tech. Reports, Tohoku Imperial 
University, Sendai, Japan, vol. 7-8, no. 3, 1927-1928, pp. 411-469. 
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In view of these uncertainties the proposed basis of design was 
abandoned. The analysis of the actual fan performance on 
the basis of the coefficients given in Fig. 1 shows, however, that 
the cascade-test results cannot be much in error and indicates 
the desirability of further work of this kind as the basis of axial- 
flow-fan design. 


Dusicn Mrersop UsED 


The design method decided upon was based on the equations re- 
cently presented by O’Brien and Folsom,® although, subsequently, 
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ParTICULAR VALUE OF THE PARAMETERS Cz, c/t, AND A AS TAKEN 
From O’BrIEN AND Fousom’s® EQuATIONS 
(U = 100 fps and g = 32.2 ft per see per sec.) 


it was found to be less accurate than the method employing the 
results of the cascade-tests. In a discussion* of the paper® 
on the design and performance of an axial-flow fan, O’Brien and 
Folsom showed that these equations gave results agreeing satis- 
factorily with the observed performance. On this somewhat 
meager basis, it was decided to utilize the O’Brien and Folsom 
procedure. As stated by them, ‘The method of computation is 
essentially that used by Pfleiderer? with, however, modifications 
which result in a better agreement between the computed and the 
measured head-capacity characteristics.” 

In these equations, the following symbols are used and apply 
to any cylindrical section: 


H, = the total or developed head, ft of the working fluid 
H, = velocity head, ft of the working fluid 

static head, ft of the working fluid 

U = the tangential velocity of the blade section, fpm 
= the tangential velocity of the air at exit, fpm 

V, = the axial velocity of the air at entrance, fpm 

the lift coefficient with infinite aspect ratio 

= the drag coefficient with infinite aspect ratio 


RQQ2 
ooh 
Leal 


5 “Propeller Pumps,” by M. P. O’Brien and R. G. Folsom, Trans. 
AS. {.E., vol. 57, July, 1935, paper HYD-57-3, pp. 197-202. 

¢ Discussion by M. P. O’Brien and R. G. Folsom of “The Design 
and Performance of an Axial-Flow Fan,” by L. S. Marks and J. R. 
Weske, Trans. A.S.M.E., vol. 57, August, 1935, p. 344. 

7“Die Kreiselpumpen,” by Carl Pfleiderer, Julius Springer, 
Berlin, 1932. 
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c = the chord length, ft 

t = the circumferential distance between blades, ft 

8 = the pitch angle of the air stream, or the angle between 
the geometric mean value of the relative velocities 
in front of and behind the blade and the direction of 
blade motion 

\ = tana (Cp/C;). 


Combining the equations of O’Brien and Folsom 


lc. c sin (8 + a4 
t _ Gos X 


Hy = eg ee (1) 
| sin B cos 6 + ee 

Hig. Hees, Hise 38 pace: se etek ae [2] 

He = "(Viens Vie Ad 2 a i ae ee [3] 

Vics = HG OHO oe tee te [4] 


V, = (U — 5 Vas) bane ae 


A graphical representation of Equation [1] is shown in Fig. 2, 
in which H, is plotted against 6. A series of H, curves is given 
for constant values of C,, c/t, and \. For the lowest H, curve 
shown, there are added corresponding velocity-head and static- 
pressure curves. At values of 8 greater than that at which the 
H, and H, curves intersect, the static pressure becomes negative. 
The bounding broken curve on the right gives the values of 8 
at which the static pressure becomes zero. 

The velocity of the air stream at entrance V, is assumed con- 
stant at every cylindrical section. As the tangential velocity 
of the blade section varies with the radius, the pitch angle of 
the air stream must increase from blade tip to hub as seen from 
Fig. 3. Fig. 2 shows that the static pressure diminishes con- 
tinuously to zero as 6 is increased. The greater the combined 
value of the parameter determining H,, or the greater Gz eft; 
and \, the sooner this effect occurs. In order to keep H, con- 
stant at every cylindrical section and thus avoid losses from re- 
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Fig. 3 VARIATION oF PircH ANGLE OF THE AIR STREAM WITH 
TANGENTIAL VELOCITY OF AIRFOIL 


circulation through the fan, it is necessary to increase C; and 
c/t. It is obvious, therefore, that for efficient high-pressure 
operation a large hub must be used. 

There are three ways by which the head developed Hz may 
be maintained as the tangential velocity decreases toward the 
hub: 

1 By choosing increasingly thick or increasingly curved 
profiles. This will increase somewhat the value of Cz with an 
attendant slight increase in Cp. 

2 By increasing the angle of attack «. This angle is the dif- 
ference between @ and the pitch angle of the blade section, at any 


cylin’y’val sev'ion. This method increases the value of Cy 
rapid/y bu) coon begins to increase Cp at an even greater rate, 
as shown in ) is. 4. 

3 E> ‘sere s:og the length of the blade-section chord. This 


method pro juces a reasonable increase in lift without excessive 


—. 
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increase in drag and was the method selected for the design of 
this fan. Another important reason for choosing this method 
in preference to the conventional method (increasing the angle 
of attack) was that it rendered it possible to design the fan so 
that no blade section had a pitch angle greater than the angle of 
attack at which that section would ‘‘burble”’ or break down. 
It was hoped that the elimination of the break-down point, with 
its attendant increase in drag, would effectively prevent the rise 
of horsepower input at low capacity. 

After selecting a convenient speed for the fan design, an ap- 
proach velocity V, was selected so as to give reasonable capacity. 
The profile section was chosen from those listed in the N.A.C.A. 
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AXxIAL-Ftow Fan 


Report No. 460, having in mind high efficiency (high lift-drag 
ratio), a high value of the angle of attack at the burbling point, 
and adequate strength for the inside section. The properties 
of the three sections selected are shown in Fig. 4. 

The outside section was designed first, the outside diameter of 
the fan being determined by existing laboratory equipment. 
At each section, the angle of attack used was that for maximum 
lift-drag ratio at the design point of the fan. The value of t 
for any cylindrical section was determined by the number of 


plades. From this point on, a cut-and-try procedure was fol- 


lowed. A value of H,; was chosen somewhat higher than the 
desired static pressure. The tangential velocity of the air at 
exit Vu; was found from Equation [4], 6 from Equation [5], 
H, from Equation [3], and H, from Equation [2]. A weighted 
average, based on the square of the radius of each section de- 


signed, was taken vf the static heads developed at the three 


sections designed. These were (1) the outside section with a 
radius of 9.65 in., (2) the section next to the hub with a radius 
of 6.76 in., and (3) a section midway between these two with a 
radius of 8:2in. If this average gave the desired static head, the 


original H; was used; if not, a new calculation was made. 


When the proper value for Hz was found, Equation [1] was 
solved for c for each section. The hub diameter was taken as 


- that at which the pitch angle of the blade exceeded the angle of 


attack at which burble occurs. 
The section at the hub and the center section were designed 
in the same way, keeping H, and V, constant for all sections. 
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Each of the static heads resulting was corrected for section- 
drag loss H,, which equals C',(c/t)(V2/2g) (tan \/sin 8), where 
V2 = Vi? + (U—$ Vus)?. 

No correction was made for losses from friction in the air pas- 
sages because of the shortness of the passages. 

The details of the fan design are given in the pattern drawing, 
Fig. 5. Its arrangement in the casing is shown in Fig. 6. The 
stationary nose is supported by three streamline struts. The 
stationary streamline continuation of the fan hub is centered in 
the casing by a spider of five radial blades and contains the ball- 
bearings which support the shaft at the fan end. The guide 
vanes are located between the fan and the radial blades. The 
guide vanes were designed after the fan was built and are 
based on measurements of air-discharge angles from the 
fan when operating at 3600 rpm and at capacities of 3000 
and 4000 cfm. The angles were determined by the use of 
a directional tube,’ and also by threads, and were measured 
at the three design sections. The measured angles are 
listed in Table 1. The inside and outside section read- 
ings are affected by boundary conditions. Guide vanes 
were made with angles corresponding to those measured 
at 4000 cfm and are shown in Fig. 7. 


Test RESULTS 


The arrangements for the fan tests were substantially 
the same as those described in the paper by Marks and 
Weske and illustrated in Fig. 6 of that paper. The only 
notable change is that calibrated orifices were substituted 
for the nozzle for measuring air and the fan shaft was 
halved in length, which made it possible to operate with 
speeds up to 3600 rpm. 

Complete tests were made at 3600 rpm both with and 
without guide vanes and at 2400 rpm with guide vanes. 
Fig. 8 gives a comparison between the performance with 
and without guide vanes, while Fig. 9 gives a comparison 
between the performance at the two speeds. 

The horsepowers shown in Figs. 8 and 9 and used in the 
calculations of efficiency are net horsepowers obtained by 
subtracting the friction horsepower from the dynamometer 
horsepower. Friction horsepower was determined by replac- 
ing the fan with a bladeless hub of the same form and weight 


Drag Coefticient Ca 


TABLE 1 MEASURED AIR-DISCHARGE ANGLES AT THREE 


DESIGN SECTIONS 


Radius, Discharge angle, deg 
in, 3000 cfm 4000 cfm 
9.65 58 40 
8.21 52 35 
6.76 57 38 


and observing the dynamometer horsepower required to rotate it 
at various speeds. When operating at 2400 rpm, the horsepower 
input is low and the friction horsepower is about 20 per cent 
of the dynamometer horsepower. Any considerable error in 
determining the friction horsepower would have an appreciable 
effect on the calculated value of the net horsepower at this 
speed. At 3600 rpm this source of possible error is negligible, 
since the friction horsepower is then a small fraction of the net 
horsepower. The question of possible error of the horsepower 
determinations at 2400 rpm is raised here because the peak effi- 
ciency at this speed is 82.5 per cent as compared with 77.5 per cent 
at 3600 rpm. This same variation of peak efficiency with speed 
was found in the three-bladed fan* and was commented upon as 
having been previously observed in the operation of propeller and 
centrifugal pumps. 


8 ‘The Determination of the Direction and Velocity of Flow of 
Fluids,” by L. S. Marks, Journal of the Franklin Institute, vol. 217, 
1934, p. 207. 
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The following observations may be made on the test results: 

1 The static pressure at 3600 rpm and at peak efficiency is 
4.7 in. of water, which corresponds to a static pressure of 22 in. 
of water with a tip speed of 40,000 fpm. This is an increase of 
22 per cent over the static pressure obtained in the three-bladed 
fan.? 

2 Thenet horsepower at no-flow is 16 per cent greater than the 
net horsepower at peak efficiency and compares with an increase 
of 125 per cent for the three-bladed fan. This is a most im- 
portant result since it permits the use of driving equipment of 
only half the power of that necessary for the three-bladed fan.* 

3 The peak efficiency (total efficiency) is 77.5 per cent as com- 


pared with 80 per cent for the three-bladed fan. However, a 
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Fie. 7 Guipr-VANE SECTIONS 


comparison of peak efficiencies alone may be misleading; the 
efficiency is maintained better with the fan described in this paper 
than with the three-bladed fan. For example, at half the ca- 
pacity giving peak efficiency, the present fan has an efficiency of 
54.5 per cent as compared with 45 per cent for the three-bladed fan. 
At capacities above that giving peak efficiency, the efficiency falls 
off very rapidly. 


Discussion or Test RESULTS 


It is interesting to make a comparison of the test results with 
those predictable from the cascade-test data given in Fig. 1. 


_ As a sample procedure utilizing these data, take the outside sec- 


tion with a diameter of 19.3 in.; a N.A.C.A. 6306 blade section 
as shown in Fig. 4; a volume of 4000 cfm; an entrance velocity 
V, of 65 fps; a speed of 3600 rpm; and a section tangential 
velocity U of 303 fps. 

Assume H, = 520 ft of air. 

From Equation [4], Vus = 55.4 fps. 
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From Equation [5], 8 = 13 deg 16 min, and since the blade 
pitch angle (8 + a) = 15 deg 30 min as seen from Fig. 5, a = 
2 deg 14 min. 

From Fig. 4, C; = 0.775 and Cp = 0.0098. 

Interpolating in Fig. 1, the correction factor k for mutual blade 
interference is 0.610. The correction factor for Cp is negligible. 

The lift coefficient normal to the long axis of the blade section 


C, = (kCz cos a) + Cp sin a = 0.472. 
The lift coefficient parallel with the axis of the fan 
C, = C,[eos (6 + a)] — C;, [sin (8 + a@)] 


where C, = Cz, sin a— Cp cos a = 0.455 
The velocity of the air stream relative to the blade section 


V = VIV,;? + (U —% Vus)?] = 79,900 fps 


The thrust per blade 7 = C, X V2 X d X area of the blade 
lying between two cylindrical sections bordering closely the de- 
sign section, where d is the density of the working fluid. 

Multiplying 7 by the number of blades and distributing it 
over the area enclosed by the two bordering cylindrical sections 
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gives the developed head H,, which for this particular case is 
found, after two more trial assumptions for H,, to be 6.4 in. of 
water. The static head H, is determined from Equation [2] 
and a weighted average is then obtained. 

The static pressures as obtained by this procedure, together 
with those which were predicted from the O’Brien and Folsom 
formulations,® are shown in Fig. 10, the experimentally deter- 
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mined static pressures being given by thesolidline. Both calcu- 
lated curves show a strong similarity to the test curve but 
neither of them follows the shape of the test curve in the range of 
pressures above the point of inflection of that curve. For static 
pressures below the inflection point, the cascade method gives 
results which come very close to those of the test curve and the 
difference may well be ascribed to factors such as clearance and 
leakage losses, for which no corrections have been made. 

It is interesting to note that the inflection in the test curve 
comes at a volume for which the angle of attack for all the blade 
sections is considerably below that at which break-off occurs, 
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and is at a point where the horsepower curve is falling. This 
would seem to preclude the interpretation of this phenomenon 
as the breakdown point of the various blade sections. 

In Fig. 11 are given the values of the developed head H, at 
the three design sections as calculated from the cascade-test 
data. The test results for total head are also shown. The cal- 
culated developed heads do not have the same value at the three 
design sections under any condition of operation. The sections 
were designed by the procedure given by O’Brien and Folsom 
in order to have a common value of developed head at 2900 cfm. 
At the peak efficiency, the developed head is seen to be 6.4 in. of 
water and falls to 4.2 in. at the hub. Such a pressure difference 
would result in recirculation between the blades, and therefore 
indicates one method of improving the efficiency. 

The air-discharge angles at the middle section of the blades, 
as calculated from the cascade tests, are in very close agreement 
with the measured angles, being better than 0.25 deg. As calcu- 
lated by the O’Brien and Folsom method, they are about 8 deg 
30 min too large. Near the hub and the tip a comparison is use- 
less, as the boundary effect is unknown. 

The noise intensity of this fan was not measured, but it was 
comparatively low when operated at capacities down to the inflec- 
tion point of the static-pressure curve (2900 cfm at 3600 rpm). 
Below this point a penetrating wailing noise developed suddenly 
and persisted down to the no-flow condition. 
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This paper outlines the effects of fusion welding upon 
the dependability of structures in aircraft, due considera- 
tion being given to the existing conditions of welding prac- 
tice found in this field. Obviously, the fusion welding of 
steel is of primary importance, since this is accepted prac- 
tice. For the purposes of analysis, specimens prepared by 
experienced aircraft welders were subjected to physical 
tests and microscopic examination. With this informa- 
tion certain guiding principles in design for welding are 
outlined. 


INTRODUCTION 


DEQUATELY designed airplanes, when fabricated by 
mn processes which produce safe carriers requiring a mini- 

mum of maintenance, represent the primary and sub- 
stantial contribution to air transportation. The design of mod- 
ern aircraft is guided largely by service requirements and eco- 
nomical fabrication processes which are consistent with struc- 
tural stability. 

The modern airplane is no simpler in structural form than its 
predecessor the tubular fuselage. In fact, the great variety of 
_ joints and fittings built in the all-metal airplane with prestressed 
' covering, imposes additional fabrication costs which were ab- 
sent in the welded airplanes of former years. Fusion welding, al- 
though contributing a reliable structural unit with favorable 


1 Assistant Professor, University of California. Assoc-Mem. 
A.S.M.E. Professor Ward was graduated from Cornell University 
in 1921 with an M.E. degree and received his M.M.E. degree from 
the same University in 1927. From 1921 until 1927 he was em- 
ployed as instructor in machine design and heat-power engineering 
at Cornell University, leaving that position to become assistant 
professor in mechanical engineering at the University of California. 
| He also served as lecturer at the Boeing School of Aeronautics, 
Oakland, Calif., and consulting engineer for the American Tractor 
Equipment Company, Oakland, Calif. 


Arc-WELDED ENGINE NACELLE ON Bonina TRANSPORT PLANE 


Reliability of Aircraft Welds 


By N. F. WARD,! BERKELEY, CALIF. 


physical properties and the minimum of excess weight, is a fab- 
rication process which is largely displaced by other methods with 
the advent of modern all-metal construction. The principal 
reason for the lessened empHasis on fusion welding is the vitiat- 
ing effects of welding heats upon the alloys of thin section with 
further difficulties, in many instances, where low-melting-tem- 
perature alloys are required. Undoubtedly this field for struc- 
tural application is inept for fusion welding, but entirely within 
the field of resistance welding. The successful use of resistance 
welding of thin sections in stainless-steel structures has been 
demonstrated by performance. Further extension of this type 
of welding to other metals is to be expected. However, fusion 
welding is utilized effectively from a structural and economical 
standpoint in the modern all-metal transport plane for such 
structural units as engine mountings, nacelles, shown in Fig. 1, 
fittings, and the landing gear. 

Due to the complexity of structural units such as shown in 
Fig. 2, it is apparent that the usual fusion welding demands a 
precise skill during placement which only a manual operator can 
exercise. The degree of reliability in the weld is reduced to 
adequate training and experience of the welding personnel. At 
the present time, training is given at the aircraft manufacturing 
plants and only after successful welding of aircraft parts such as 
exhaust stacks, tanks, and fittings, is the experience recognized 
as sufficient to permit the operator to do structural welding. 
Through the efforts of the American Welding Society procedure 


Contributed by the Aeronautic Division and presented at the 
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cepted until December 10, 1935, for publication at a later date. 
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in aircraft welding has been revised and improved on the basis 
of experience, so that if closely adhered to, it should produce welds 
as reliable as human experience can devise. 


SIGNIFICANCE OF Static Trst 


A study of failure under static loading such as encountered in 
the standard hardness and tension tests, although not simulated 


Fie. 2 Typrcat Gas-WrELDED CLUSTER JOINT 


in actual service, serves with the aid of microscopic examination 
to detect inherent characteristics of welded joints. When these 
qualities in the weld and its immediate vicinity are recognized, 
suitable application of this type of joint is assured. 

For specific data in this connection, butt-welded tubes of cold- 
drawn chrome molybdenum §.A.E. 4130 steel were used. 
The tubes were 1 in. in diameter and 8 in. long, and had a wall 
thickness of 0.049 in. They were butt-welded with oxyacetyl- 
ene torch and low-carbon-steel welding rod to form a specimen 
with an overall length of 6 ft. The welded tubes were fitted with 
steel plugs in both ends and inserted far enough to absorb the 
crushing load of the friction grips in the 30,000-lb Olsen Univer- 
sal testing machine. The results of the commercial tests of the 
tubes, summarized in Table 1, are indicative of the reliability in 
static tension of the usual butt-type weld. 


TABLE 1 TENSION TESTS OF BUTT WELDS IN 1-IN. TUBES 
Ultimate stress, Ductility 
b per sq in. in 2in., % Remarks 
Minimum........ 87,800 9.4 Broke in weld 
Maximum....... 93,300 9.4 Broke in annealed 
i section, see Fig. 3 
Avg of six........ 91,200 9.4 piesa 


TABLE 2 COMPARISON OF HEAT-TREATED SPECIMENS 
OF BUTT-WELDED AND UNWELDED TUBES 


Ultimate stress, Ductility 


lb persqin. in2in. % Remarks 
Minimum.......... 129,000 6.25 Broke in weld 
Maximum......... 153,300 9.4 Broke in tube 
AVE OF Bite we <0 142,400 7.3 sate 
Original tube as Broke at 
received......... 156,000 25.5 mid-section 


After subjecting another group of butt-welded specimens to a 
combination of normalizing treatment at 1700 F hardening in 
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water from 1700 F and tempering at 900 F, the results shown in 
Table 2 were obtained under static tension. 

Prior to the tension tests and after the tubes were welded, a 
survey of hardness with a Rockwell hardness tester was made. 
The average values of three readings in the weld and at 1/,-in. 
intervals either side of the weld were observed as indicated in 
Fig. 3. After heat-treatment the butt-weld hardness increased 
to Rockwell B-82 and the hardness either side of the weld re- 
mained uniform at average values of C-6. These tests indicate a 
softening or annealing in the region of the outer envelope of the 
welding flame which produces sufficient heat to recrystallize the 
cold-drawn microstructure. In the heat-treated tubes the varia- 
tion in hardness was adjusted with the exception of the weld, 
where an increase in hardness was evident. 

For static tests the indentation of the hardness penetrator 
appears to have little or no effect on the tube strength. Yet for 


aad, 


oo 


B-9I B75 B-57 B-86 B-95 


Fia. 3 FRACTURES IN TENSILE SPECIMEN. HARDNESS 


Numpers AT !/i-In. INrTpRVALS Berorn TENSILE Toasts ARB 
SHOWN ON THE CENTER SPECIMEN 


Fic. 4 Faticun-Trestinc Macutnn ror Tusns Unp»R BENDING 
Srress 


the dynamical loading, encountered during fatigue tests, the 
indentation inhibits a weakness not already in the tube as welded. 
For this reason it was thought inadvisable to determine the hard- 
ness on fatigue specimens. Since the fatigue tests alter the physi- 
cal structure of the metal, hardness determination after the test 
would be of little value. It remains for the microscopic examina- 
tion to explain the allocation of the fracture as a result of the 
fatigue tests. 
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Faticurn Tests or Tuses 


With usual service conditions inducing repeated stresses, the 
endurance of welded tubes under repeated loading is a logical 
test. Due to limitations of grip size on the fatigue-testing ma- 
chine which was available, it was necessary to use 1/,-in. chrome- 
molybdenum S8.A.E. 4130 tubes with 0.049-in. wall thickness. 
Since the smaller tubes are more difficult to weld accurately, the 
results should represent less favorable performance than the 
average. In other words, the minimum values for design are 
indicated by these tests. 

The fatigue machine shown in Fig. 4 is of the cantilever type 
in which one end of the specimen is held rigidly while the other 
end is guided and loaded with an 80-lb indicator spring. The 
spring load deflects the specimen and induces the maximum 
stress at the inner side of a rigid clamp. In the tube tests, the 
maximum stress is in the region affected by the welding heats. 
The mounting of the tubular specimen requires the steel plug on 
the clamped end to prevent collapse of the tube under the grip 
_ pressure. A similar plug is inserted in the opposite end which 
-’ engages the ball-bearing housing through which the spring load 
- is applied. 

Each heat-treated specimen, as welded with oxyacetylene 
flame, was tested for a given spring deflection which was meas- 
ured on the dial gage shown in Fig.4. By means of a direct- 
connected 4/.<hp motor, the single specimens were rotated at 
1725 rpm until fractured. This was possible by subjecting each 
specimen to a different stress by proper spring adjustment. 
The results are plotted on the curves in Fig. 6. For maximum 


Fie. 5 Faricup Faure or !/:-In. Cr-Mo Stext TuBING 
(a, tube as received; 6 and c, Oxyacetylene-welded tubes.) 


‘deflection the specimens fractured as low as 62,000 reversals. 
For stresses of low intensity some of the specimens did not break 
after 3,000,000 reversals. In every instance the specimens as 
welded broke adjacent to the weld bead as shown in Fig. 5. On 
which side of the weld bead failure would occur wasn ot predicta- 
ble. Some failed on the side nearest to the rigid grip and an 
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equal number of other specimens failed on the opposite side of 
the weld bead, as shown by comparing Fig. 5c with Fig. 5b. The 
fracture in the unwelded tube may be seen in Fig. 5a. 

Several observations for butt-welded tubes during these com- 
parative tests show that loads inducing high stress are accom- 
panied by failure during a wide variation of cyclic frequency. 


pS after Heat Treatment 


By 


Specimens / 
as Welded 


Stress, Lb per Sq In.x 10+ 
© 
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Fie. 6 Farieun-Test Curvns or !/2-In. Cr-Mo OxyacrTyL- 
BNE-WBLDED Tuses WirTH 0.049-In. Wat THICKNESS 


The heat-treated specimens develop a more uniform response 
to fatigue in bending. Improvement of the endurance limit by 
heat-treatment of welded tubes in these tests amounted to ap- 
proximately 40 per cent. The ratio of endurance strength to 
static tensile strength of the tubes as welded was 1/4, while for 
welded tubes after heat-treatment the ratio was !/3. 

Within probable errors of the test, this comparison between 
the tubes as welded and the welded tubes after heat-treatment 
maintains a close parity for the ratio of endurance limit to ulti- 
mate tensile strength. However, the fatigue failure in the butt- 
welded tube without subsequent heat-treatment has a tendency 
to localize failure in the immediate vicinity of the weld as indi- 
cated by the fractures in Fig. 5. The fatigue failure in the heat- 
treated tubes appeared most frequently at least the diameter of 
the tube from the weld. Obviously, the desire in service is to 
preserve these critical sections against concentration of load by 
any of several types of construction, such as gusseting or rein- 
forcing with straps or telescoping the tubes or using a fishmouth 
joint. 

Where these welds fail has been demonstrated by physical 
tests. Why the welds are more reliable in certain sections and 
vitiated in others is revealed in the microstructure of the weld 


and its vicinity. 


Fic. 7 MucrostRucTuRE IN OXYACETYLENE-WELD (X 130) 
(a, weld matrix at left with transition beginning at the right; , transition; c, annealed section 1/2 in. and 4/4 in. from weld; 


d, original cold-drawn tube 


INFLUENCE OF WeELDING HxatTs 


Progressing from the weld outward toward the parent metal, 
the metallurgical changes in the weld may be seen in Fig. 7. 
The large areas of free ferrite are present with less carbon matrix 
than seen in the original tube in Fig. 7d. The weld metal is a 
typical structure found in low-carbon-steel castings cooled slowly 
from fusion temperatures. The precipitation of large ferritic 
masses accounts for the soft weld. The heat used in placing the 
weld has been moderate, since no excess of oxide and nitride 
contamination is evident. The avoidance of high temperature 
in placing the weld is essential to keep the gas (oxygen and nitro- 


Fria. 8 


MIcROSTRUCTURE IN TRANSITION ZONE OF HpAtT- 
TREATED WELD 


gen from the air) content at a minimum. These gases develop 
a porosity and form oxides and nitrides which embrittle the weld 
if present in combination. 

The transition zone from weld to tube appears in Figs. 7a and 
7b. The microstructure is large grained and of tough consistency 
which is harder than the weld except at grain boundaries, which 
are soft ferrite. The growth of large-grain structure is a natural 
accompaniment of welding heats. The precipitation of tough 
constituents in this transition zone is largely due to rapid con- 
ductivity of heat from the weld to the cooler tube. The cross- 
section of a weld thus affected with the aircraft welding torches 
persists for 1/2 in. either side of the welds in varying intensity, 
which depends upon the adjustment of the torch flame and its 
position. The larger grain of the weld in comparison with the 
transition zone represents a source of weakness with reversal of 
loading, since it yields more rapidly than the hard tough metal 
adjoining it in the transition zone. 

Interposed for a distance between !/2 in. and */, in. between 
the transition zone Fig. 7a, b and the original plate 7d is found the 
recrystallized section Fig. 7c in which refinement of the grain has 
been produced by contact of a portion of the welding flame or the 
heat as conducted from the weld to the cooler plate or from both 
causes. The existence of this structure explains the fracture in 
this area for sound weld during static-tension tests, rather than 
in the weld. Briefly, the unit stress is least in the weld because 
of its greater section. The softened section (Figs. 3 and 7c) 
strain-hardens with the application of load but suffers a greater 
reduction in cross-sectional area than adjoining sections, thus 
developing greater stress intensity which persists under load un- 
til the ultimate stress is reached and pronounced reduction in 
cross-sectional area continues until fracture occurs. 

Since the base or parent metals in aircraft structural members 
are cold-drawn or rolled, they reach their yield point at a greater 
load than for the annealed section. Where there is a weld frac- 
ture under static-tension load, the specimen has been misaligned 
or the weld has been overheated and consequently embrittled 
by éontamination of oxides and “‘cold shuts.” 
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Summary oF PuysicaL CHANGES IN OXYACETYLENE WELD 


In tubing of chrome-molybdenum steel the welding heat is 
beneficial to certain sections and detrimental to others. Since 
chrome-molybdenum steel hardens as it cools in air from fusion 
temperatures, the static strength of the areas adjacent to the 
weld approaches or exceeds that of the cold-drawn sections. Use 
of mild-steel tubing for welded joints effectively prevents as wide 
a variation in hardness, but the strength averages half that of 
chrome-molybdenum steel. The fatigue resistance of the fused 
areas is reduced because of the large grain. Interposed between 
this zone and the cold-drawn section is an annealed section in 
which sound welds finally fracture under static loading. 

Welded-tube sections which undergo proper heat-treatment, 
ie., normalizing hardening and drawing, develop high ultimate 
strength, as is evident from the values in Table 2. This heat- 
treatment develops a welded structure as reliable as the original 


Fre. 9 Typrtcau FAILURE OF OXYACETYLENE-WELDED TUBES 
Arter HEeat-TREATMENT 


Fra. 10 Sratic-Tension Famture In Arc-WELDED TUBE. 
HarpNness VALUES TAKEN AT !/s-In. INTERVALS 


by adjusting inequalities of the crystalline matrix and producing 
uniform strength and ductility. The microstructure changes at 
the weld zone resulting from this heat-treatment are shown in 
Fig. 8. The position and type of fracture for the static-tension 
tests is shown for selected specimens in Fig. 9. 


CHARACTERISTICS OF ARC WELDS 


Metallic are welding with direct current and low-carbon-steel 
electrode has had limited application in airplane structures. 
For adequate fusion of the tube or plate the bead deposit is 
greater than for oxyacetylene welding. The concentrated heat 
evolved from the arc localizes the critical zone in close proximity 
to the weld beads. The annealed section, which is less extensive 
than that for the oxyacetylene welds, develops within 1/4 in. of 
the welds. The variation in hardness appears to be less marked 
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Fie. 11 


TypicaL Microstructure IN 1-In. TuBm Arc WELDED WitTH Direct CuRRENT AND Low-CarBon FILLER Rop (X 130) 


(a, weld matrix showing on the right large-grained sorbite with ferrite boundaries; 6, transition zone; c, partially annealed zone 1/s-in. from weld; 
d, original cold-drawn tube.) 


Fie. 12 Sratic Fatturn In BreapiInG or Arc-WELDED TuBE. Loap Factor = 


than for the oxyacetylene-welded tube. Comparison of Rock- 
well hardness values for the electric arc weld is indicated at 1/s- 
in. intervals in Fig. 10. The failure under static-tension loading 
is evident from Fig. 10. 

The transformations in the weld and tube for a representative 
arc-welded specimen are shown in Fig. 11. The weld structure 
at the left Fig. 11a is a typical steel matrix as cast, tapering into 
a sorbitic zone of large grain bounded by soft ferrite. The reten- 

ion of high sorbitic content is probably due to the large tempera- 
ture gradient between the weld and its environs which produces 
faster chilling than is present in oxyacetylene welding. There is 
evidence in Fig. 11 that grain diminishes in size until the anneal- 
ing temperature is reached about !/, in. from the fusion zone. 
Then the original cold-rolled structure is resumed with lowering 

‘of the temperature below that required for recrystallization. 
Fracture in static tension for the butt-welded tubes occurs in 
‘this annealed zone adjacent to the weld for reasons given under 
‘the discussion for oxyacetylene welding. The zones of fusion 

-and transformation are very similar for both the oxyacetylene 
and direct-current are welds. 

_ The frequency with which failures occur outside of the weld 
when tested with the weld bead intact for a joint properly de- 
‘signed and welded, is evidence that the strength is not dependent 
upon the welds so much as the amount of weakening due to the 
welding process. 


‘Ornpr Factors Arrectina ReviaBILiry oF WELDED JOINTS 


Temperature Stresses. There are many conditions arising from 


141/, 


mechanical shrinkage as the welds cool. A brief for the solution 
of the problems encountered could not be attempted in this 
short treatise. The principal difficulty with shrinkage in welds 
during solidification is the adjustment of the residual stresses 
during cooling or immediately after the weld is placed. Usually 
the intensity of stress due to shrinkage is localized in the sections 
which cool unevenly. For example, the hotter areas are weak 
and the stress is transferred from the cool, stronger areas. Where 
the correct sequence of deposition of the weld bead and tack 
welding is used, the shrinkage is absorbed sufficiently so that 
subsequent normalizing, stress-relief annealing or peening ad- 
justs the residual stresses in larger areas. In this way the stress 
intensity is distributed but never eliminated. Abrupt change of 
sections, such as heavy reinforcement in the weld bead, is unde- 
sirable not only because of the diminished fatigue resistance at 
the juncture of the bead and the tube, but also because of locali- 
zation of shrinkage in this larger mass which retains its tempera- 
ture during a longer period than the thin tube. Weld beads 
which are flush with the tube and rough or undercut are prone to 
weakness in fatigue and represent doubtful security in a structure. 

Significance of Welding Knowledge for Design. The general 
conclusions which may be drawn from the foregoing facts about 
fusion welding in aircraft leads to the proportioning of the struc- 
tural members so that stresses of a concentrated nature are not 
imposed at the critical section. By the critical section is meant 
that at which failure originates due to predisposition to structural 
weakness under repeated tension, compression, shear loading, or 
their combination. Clarifying examples may be cited. 
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The structural member or members in a fuselage are under 
tension, compression, and bending loads of varying intensity. 
The tube size, or plate thickness, is calculated for one or several 
predominant stresses. In a typical instance of a tube where a 
large ratio of length to diameter is used, the welds at the ends can 
safely develop the tube strength, unless the joints receive heat 
treatment; otherwise the crushing strength in the annealed 
section of the weld is reduced below that of the tube. This criti- 
cal section requires suitable reinforcement, such as a strap or 
gusset. With adequate weld reinforcement the tube should bend 
in the center. Since the stress is seldom equally distributed in 
the final welded unit the probable failure occurs near the center 
section which, if very critical, transfers intensity to the tube ends. 
The static test on a fuselage shown in Fig. 12 indicates a collapse 
of the tube under a load factor of 141/2 with the end welds re- 
maining intact. 

Further extension of the analysis for the welded construction 
explains why application of heat unnecessarily near critical sec- 
tions should be avoided. For instance, holes drilled for inject- 
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ing lionoil to prevent internal corrosion of structural tubes are 
located usually beyond the first critical section and the drill holes 
are filled with screw plugs to avoid softening by flame or arc heat 
which produces areas susceptible to collapse near the critical 
section. Welding of telescoped tubes or fishmouth is preferred 
to butt-welded tubes because of the added stiffness and stability 
afforded in the joint. Deposition of relatively smooth concave 
weld beads is done where vibration is a predominant considera- 
tion. These show the place of accurate knowledge of weld per- 
formance as briefly outlined in the preceding discussion. 
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The Viscosity of Water and 
Superheated Steam’ 


By G. A. HAWKINS,? H. L. SOLBERG,’ ann A. A. POTTER,4 LAFAYETTE, IND. 


The authors present in this paper data on the viscosity of 
water and superheated steam at temperatures and pres- 
sures used in modern power-plant practice. The authors 
constructed an apparatus to measure the viscosity of 
water and superheated steam at pressures up to 3500 lb 
per sq in. abs and at temperatures up to the critical in the 
case of water and between 800 F and 1000 F for superheated 
steam. The apparatus is described and the results ob- 
tained with it are reported in this paper. 


HE increasing use of dimensional analysis in correlating data 
9 eee solving problems in the fields of heat transfer and fluid 

friction has made viscosity a very important physical 
property of fluids. In making a survey of the literature pre- 
paratory to an investigation of flow distribution in forced-circu- 
lation once-through steam generators (1),° the authors found that 
data on the viscosity of water and superheated steam are very 
meager or non-existent at the temperatures ana pressures which 
are used in modern power-plant practice. The viscosity of water 
is known quite accurately at temperatures below 212 F and some 
determinations have been made at temperatures up to 320 F. 
von Hevesy (2) calculated the viscosity of water at elevated tem- 
peratures on the assumption that viscosity is a function of electri- 
eal conductivity, but this assumption has not been verified experi- 
mentally. M. DeHaas (3) used a capillary-tube viscometer for 
determining the coefficient of viscosity of water up to 153 C. 
The viscosity of superheated steam at atmospheric pressure is 
known with reasonable accuracy. Speyerer (4) has determined 


1 Progress Report A.S.M.E. Special Research Committee on Criti- 
cal-Pressure Steam Boilers. 
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the effect of pressure on the viscosity of superheated steam at 
pressures up to a maximum of ten atmospheres. 

In view of the absence of experimental data beyond the above 
limits, the authors decided to construct a suitable apparatus to 
measure the viscosity of water and superheated steam at pres- 
sures up to 3500 Ib per sq in. abs and at temperatures up to the 
critical in the case of water and between 800 F and 1000 F for 
superheated steam. ‘The results are reported in this paper. 

Since this investigation was started Schiller (5) has published 
viscosity determinations. Schiller obtained the relation for 
calculating the viscosity of steam in terms of that of water, by 
observing the velocity at which the discharge coefficient of a 
nozzle shows an abrupt increase for water and steam and then 
equating the two Reynolds numbers. Schiller’s curves show one 
test point at 30 atmospheres pressure, four test points at 25 at- 
mospheres and other points at lower pressures with a maximum 
temperature of about 540 F. 


SELECTION OF TyPE oF VISCOMETER® 


In deciding upon the type of viscometer to be used in this in- 
vestigation, where pressures of 3500 lb per sq in. and tempera- 
tures of 1000 F were contemplated, the matter of safety was 
given first consideration because of the high energy storage per 
unit of volume of hot compressed water. The apparatus had 
to be suitable for a wide range of viscosities and reasonable in 
cost. Adaptability to the use of automatic recording devices was 
desirable in order to reduce the human element in the collection 
of the more essential data. The high pressures involved, the ef- 
fect of high temperatures on the elastic properties of suspensions, 
difficulties in measuring small pressure differences accurately, 
and of maintaining definite surfaces of separation between liquids 
and condensable vapors, resulted in discarding most of the types 
of viscometers which have been used for viscosity determina- 
tions. 

The Lawaczeck (6) viscometer was selected as being the most 
suitable type for the range of conditions encountered in these 
tests. This viscometer was developed in 1919 and consists 
essentially of a metal weight falling in a tube closed at its 
lower end and having a diameter which is slightly greater 
than that of the weight. As the weight falls, the liquid is made 
to flow with streamline motion through the annular space between 
the weight and the tube. There are three distinct resistances to 
the fall of the weight through the liquid. The form of the stream- 
lines causes a so-called “head resistance” which can be decreased 
to a minimum by using a long weight and a small clearance. As 
the liquid flows through the annular space, a pressure gradient is 
set up similar to the case of the flow of a fluid through an annular 
channel. This resistance is fixed by the area of the cross-section 
and the rate of fall of the weight. The third resistance is a vis- 
cous drag due to the relative movement of the two cylindrical 
walls. Neglecting the head resistance, the formula for this vis- 
cometer is 


6 The description of the development of the viscometer and the 
values for the viscosity of water are based on a thesis submitted by 
G. A. Hawkins in partial fulfillment of the requirements for the Ph.D. 
degree at Purdue University, June, 1935. The work on the viscosity 
of steam was completed subsequent to the submission of this thesis. 
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where yu is the absolute viscosity; o is the density of the weight 
or fall-body; p is the density of the fluid; 6 is the annular space 
between the fall-body and the tube; d is the diameter of the fall- 
body; s is the fixed distance through which the weight falls in- 
side the tube; and ¢ is the time required for the weight to fall the 
fixed distance s. 

Because of the difficulty of measuring the dimensions accu- 
rately, the instrument is calibrated by using a fluid of known 
viscosity. Using a calibration constant C determined in this 
manner, Equation [1] is changed to the form 


Bridgman (7) in 1926 used a method similar to this for deter- 
mining the viscosity of liquids at very high pressures but at low 
temperatures. In 1933, Stakelbeck (8) used a Lawaczeck vis- 
cometer for measuring the viscosity of carbon dioxide, ammonia, 
and sulphur dioxide, at the suggestion of R. Planck. 


DESCRIPTION OF THE VISCOMETER 


The viscometer, shown in Fig. 1, consists of an accurately bored, 
stainless-steel vertical tube through which a weight, or fall-body, 
of slightly smaller diameter is moved under the influence of gray- 
ity. The tube is placed concentrically within a seamless steel 
pipe capable of holding safely the maximum pressures to be used. 
This outer pipe or pressure vessel, hereafter called the container, 
was closed at the lower end by welding and was fitted with 
flanges at the upper end to allow for insertion of the tube and fall- 
bodies, and for periodic inspection. The top was closed with a 
blank flange and was provided with a 1/,-in. vent valve. Two 
trunnions were secured to the container to serve as a support 
about which the apparatus could be rotated through an angle of 
180 deg. One of the trunnions was provided with a packed 
pressure connection to which the pressure gage was attached. 
Distilled water was forced into the container by means of a hy- 
draulic pump. The temperature of the fluid could be regulated 
by means of an electric heating coil which was wound around the 
container and thoroughly insulated. Fig. 2 shows the assembly 
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of the container as mounted in its bearings. The three boxes 
for the electrical connections to the two timing coils are also 
shown. Three !/s-in. iron pipe taps were provided in the con- 
tainer, one at the center and one near each end, for the insertion 
of thermocouples. 

The tube, 23 in. long and 0.658 in. outside diameter, was made 
by the Winchester Repeating Arms Company from a piece of 
Carpenter Steel Company No. 8 alloy containing 18 per cent 
chromium, 8 per cent nickel and a small percentage of selenium 
to facilitate machining. The bar was drilled, reamed four times 
and polished to 0.410 in. internal diameter with a high-speed lap 
coated with emery and oil. Periodic inspection of the tube has 
shown that it successfully resists corrosion and oxidation when in 
contact with steam and water at high temperatures. One end 
of the tube was threaded with a standard pipe tap and fitted 
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with a stainless-steel plug which centered it in a conical-shaped 
socket in the bottom of the container so as to insure coaxial align- 
ment of the tube with the container when the two were assembled. 

Details of the fall-bodies which were used in this investigation 
are shown in Fig. 3. They were drilled hollow to reduce their 

_ weight and the outside diameter is such that the Reynolds 
number of the fluid flowing into the annular space between the 
fall-body and the tube never exceeded 1300. The time required 
for a fall of 14 in. varied from 10 minutes to as low as 2 seconds, 
about 50 per cent of the tests involved a time of less than 1 
minute. Fall-body No. 28 was used for determining the viscosity 
of water and this was checked by fall-bodies Nos. 30 and 31 in 
order to establish the fact that the results are independent of the 
shape of the ends of the fall-body. Fall-body No. 35 was used 
for determining the viscosity of superheated steam, which was 
checked by fall-body No. 33. 

Pressures below 1500 lb per sq in. were measured by means 
of calibrated Bourdon gages. A Bailey self-loading, deadweight 
gage was used for higher pressures. 

Temperatures were measured by iron-constantan thermo- 
couples welded into the bottom of a steel well which was threaded 
to fit a 1/s-in. pipe tap, as shown in Fig. 4. The thread on the 
thermocouple body was sufficiently long so that the hot junction 
was very close to the tube which contained the fall-body. Twenty 
thermocouples were made and calibrated in the physics labora- 
tory of Purdue University against a platinum, platinum-rhodium 
thermocouple which had been checked by the National Bureau 
of Standards. Two of the three thermocouples were removed 
in rotating pairs at regular intervals and replaced by others, the 
third one being left in place as a check on the new one. Thermo- 
couples were also checked periodically by boiling water in the 
viscometer with the vent valve open to the atmosphere. The 
thermocouples were connected to a very sensitive high-resistance 
Wilson-Maeulen millivoltmeter; the couple resistances were 
measured with a Wheatstone bridge. 


Timinc EQuIPpMENT 


The principal difficulty which was encountered in developing 
the viscometer was in devising an accurate means of timing the 
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rate of fall of the body which was dropping through the tube. 
Among the schemes which were investigated and abandoned may 
be mentioned the use of an X-ray and Geiger-Miiler counter, an 
X-ray and sensitive screen, and an oscillator, receiver, and oscillo- 
graph. An a-c bridge amplifier and recording milliammeter were 
finally selected as the most satisfactory solution to the problem. 

The a-c bridge circuit is shown in Fig. 5. The two coils, indi- 
cated in the circuit diagram, were wound on the tube through 
which the fall-body dropped and were spaced about 14 in. apart. 
When the fall-body passed through either coil, the circuit was 
unbalanced sufficiently to swing a pen across a strip chart on the 
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recording milliammeter. Each coil consisted of a single layer of 
60 turns of copper wire wound on a sheet of mica rigidly held in 
place on the tube by two steel clamps which also served as ter- 
minals for the ends of the coils. Each turn was separated from 
the adjacent turn by a small asbestos thread. After winding, 
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Fig. 5 A-C Brings Circuit 
the coils were examined for defects with a magnifying glass. 
They were as nearly identical as it is possible to make them. 
The coils were connected in series and the three leads were 
brought out in asbestos tub- 
ing through the pressure con- 
nections shown in Fig.2. Two 
identical 10-ohm rheostats 
were used for balancing the 
bridge. An _ objectionable 
60-cycle disturbance which 
was being picked up by the 
bridge, was eliminated by con- 
necting the output of the 
bridge to two transformers, 
as shown in Fig. 5. A con- 
stant voltage had to be im- 
pressed on the bridge in order 
to obtain satisfactory results. 

Fig. 6 illustrates the circuit of the amplifier. It consisted of 
two 57 amplifiers and one 45 triode power-amplifier tube. In 
order to eliminate the d-c part of the power output of the am- 
plifier, the leads of the output were connected to the primary of a 
small transformer. The secondary output, consisting of the a-c 
part of the amplifier output, was rectified by a small Rectox rec- 
tifier. The rectifier output was connected through a double- 
pole double-throw switch to an indicating milliammeter having a 
range of 0 to 100 ma and to an Esterline-Angus recording milli- 
ammeter having a range of 0 to 5 ma. 

The recording-meter chart of the Esterline-Angus milliammeter 
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was driven by a synchronous motor from the power lines of the 
Public Service Company of Indiana. System frequency control 
in the case of this public utility is obtained from Chicago and is 
excellent as shown by the records from recording frequency meters 
in the electrical-engineering meter laboratory of Purdue Univer- 
sity. The effect of any momentary variations in frequency was 
averaged out by taking from 5 to 40 readings at each test point. 
Chart speeds of 3/4, 11/2, 3, 6, and 12 in. per hr and per min were 
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obtainable from the recorder. Charts were driven at 12 in. per 
min except where the time of fall exceeded five minutes when 
lower chart speeds were used. With a chart speed of 12 in. per 
min, it was possible to scale the time to about one-tenth of a sec- 
ond. The chart speed was checked periodically by recording 
with a stopwatch the time between two interruptions of the 
bridge circuit and scaling the distance on the chart. 

Fig. 7 shows a typical chart. The two humps are due to the 
unbalance created in the bridge circuit as the fall-body passed 
through the coils. The time of fall was scaled from each chart 
at five different points such as aa’, bb’, etc. in Fig. 7. If any of 
the five time measurements differed from the average by more 
than 1 per cent, the test was discarded. 

Some difficulty was experienced at first in securing symmetri- 
cal curves from the two coils because of unequal heating of the 
viscometer. A variation in temperature of 2 F between the two 
coils altered their resistances sufficiently to unbalance the circuit 
and destroy the symmetry of the curves. Proper arrangement of 
heating coils on the container solved this problem. No tests were 
made unless the readings of all three thermocouples agreed within 
1 deg. 

A fall-body was suspended from a chemical balance in one of 
the coils while the input to the bridge circuit was varied in order 
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to check the possibility of these coils disturbing the rate of fall 
of the body. No deflection of the balance was obtained until the 
voltage impressed on the bridge circuit was 30 times that used in 
the test. 

The coils were mounted 14 in. apart on the tube and far enough 
from each end of the tube so that the fall-body had accelerated to 
a uniform velocity before it entered the tube section which was 
surrounded by the coil. 


CALIBRATION TESTS 


A comparison of Equations [1] and [2] shows that the term C 
in Equation [2] is a function of the dimensions of the fall-body, 
tube, and distance between timing coils. These dimensions 
cannot be measured with sufficient accuracy and are also subject 
to variation with temperature. The effect of compression of the 
steel due to pressure was neglected as the error so introduced was 
less than 0.02 per cent at 3500 lb per sqin. The effect of tem- 
perature may be treated as a linear function of the temperature 
without introducing an error of more than 0.5 per cent at 1000 F. 
The term C for each fall-body was determined by timing the fall 
when a fluid of known density and viscosity was placed in the 
viscometer and heated to various temperatures. The results 
were expressed by an equation of the form 


C=a-bt 


where a and 6 are constants and ¢ is the temperature of the fluid 
in degrees fahrenheit. These calibration constants for the vari- 
ous fall-bodies are given in Table 1. 


TABLE 1 CALIBRATION Ey OF FALL-BODIES — C4 = 
a t 


Fall-body, 
No. a b 
28 0.3628 0.000086 
30 0.2525 0 000057 
31 0.3560 0.000060 
35 13.4200 0.019500 
33 19.2700 0.016500 


Nore: ¢ is in degrees F. 


@ See Equation [2]. 


Since fall-bodies Nos. 28, 30, and 31 were used to measure the 
viscosity of water, their constants were determined by using 
water at temperatures up to 212 F within which range the vis- 
cosity and density of water are known quite accurately. These 
values for viscosity were obtained from the International Critical 
Tables.7 These calibration constants subsequently gave data 
on the viscosity of water which were identical for the three fall- 
bodies and which were in excellent agreement with the published 

7 International Critical Tables. Published for the National Re- 


search Council, McGraw Hill Book Company, New York, 1929, 
vol. 5, p. 10. 
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results of other investigators 
up to 3820 F, which is the 
upper limit of previous investi- 
gations. 

The constants for fall-bodies 
Nos. 35 and 33 which were used 
in the superheated-steam tests 
were determined by using dry 
air at atmospheric pressure and 
temperatures up to 580 F the 
viscosity data for the above 
range having been obtained 
from the International Critical 
Tables. Superheated steam 
up to 500 F at atmospheric 
pressure was also used for cali- 
brating the constants. The 
range of pressures and tem- 
peratures investigated by the 
various fall-bodies overlapped 
sufficiently to obtain a check 
on the accuracy of the con- 
stants. 


Trsst PRocEDURE 


In manipulating the appara- 
tus, the fluid in the viscometer 
was heated to the desired tem- 
perature by controlling the 
electrical input to the heater 
and was maintained at the 
desired pressure by manipulat- 
ing the vent valve or the hand- 


8 International Critical Tables. 
Published for the National Re- 
search Council, McGraw-Hill 
Book Company, Inc., New York, 
1929, vol. 5, p. 2. 


0.30 


} 


Viscosity ,Centipoise x 10 


90 


80 


70 


60 


50 


40 


30 


20 


FUELS AND STEAM POWER 


FSP-57-11 


399 


x Speyerer 
+ Schiller 


* Purdue University 


©22/0 


L 


Fé +; , 

367 +367 +367 293 “4293 
29. +293 + 
eee 205 


0/29 


367 


400 


500 


0.25 


0.20 


a 


}#) 


2: 
a 


ieee 


;—+ 


Viscosity , Centipoise( 


2 
ro) 


3 
iia 


300 


400 


500 600 


Temperature, F (t) 


Fia. 8° Viscosiry or SATURATED WATER 


100 


800 


600 700 
Temperature , F 


800 


200 


1000 


Fie. 9 Viscosiry or WATER AND SUPERHEATED STEAM 
(Small numerals refer to pressure.) 


60 


70 


3 
—~ real a 
Oo fo} fo} 


Viscosity, Centipoise x 10 


w 
o 


0 500 


1000 


1500 


2000 


2500 


Pressure, Lb per Sq In.Abs 


3000 


3500 


Fig, 10 Errnecr of PRESSURE ON THD VISCOSITY OF SUPERHEATED 


STHam 


400 TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


TABLE 2 VISCOSITY OF SATURATED WATER 
Pressure, ]b Temp, Viscosity, 
per sq in. abs deg F centipoise 
105 331.4 0.170 
460 458.5 0.128 
850 525.0 0.101 
1000 544.6 0.097 
1250 572.3 0.092 
1505 594.0 0.088 
2000 635.6 0.082 
2500 668.0 0.078 
3000 695.2 0.075 
3226 706.1 0.074 
TABLE 3 EFFECTS OF PRESSURE ON THE VISCOSITY OF SUB- 


COOLED WATER 


Centipoise at 
300 


per sq in 200 C 250 C 350 C 374.C 
abs 392 F 482 F 572 F 662 F 705 F 
500 0.140 ee aes Pre 
1000 0.139 0.110 eS Saas 
1500 0.138 0.110 0.095 aes 

2000 0.141 0.111 0.096 Aric 

2500 0.140 0.110 0.096 0.077 ie 
3000 0.139 0.109 0.095 0.076 Wes 
3226 0.141 0.109 0.095 0.077 0.074 
3500 0.140 0.110 0.095 meee one 


TABLE 4 TYPICAL DATA ON VISCOSITY OF WATER 


Pressure, lb Temp, Viscosity, 

Test no. per sq in. abs deg F centipoise 
515 2495 574 0.096 
516 2500 572 0.096 
517 2495 572 0.095 
518 2500 572 0.096 
519 2500 572 0.096 
520 2505 574 0.096 
521 2500 572 0.096 
522 2500 572 0.096 
523 2500 572 0.095 
Average 2500 572 0.096 


TABLE 5 VISCOSITY OF SUPERHEATED STEAM 


Pressure, Pressure, 


lb per Viscosity, lb per Viscosity, 
sq in, Temp, centi- sq in. Temp, centi- 
abs deg F poise abs deg F poise 
14.4 585 0.0202 975 562 0.0400 
14.4 890 0.0265 981 799 0.0432 
14.4 997 0.0286 1000 983 0.0480 
109 622 0.0230 1001 684 0.0419 
111 487 0.0201 1006 598 0.0408 
112 932 0.0294 1034 776 0.0438 
113 424 0.0186 1063 894 0.0470 
118 550 0.0220 1189 628 0.0438 
129 1009 0.0320 1311 718 0.0479 
296 621 0.0274 1474 702 0.0498 
298 799 0.0303 1500 895 0.0545 
302 480 0.0249 1504 740 0.0515 
304 980 0.0351 1537 598 0.0504 
305 794 0.0310 1591 941 0.0571 
311 656 0.0286 1980 860 0.0614 
486 497 0.0299 2004 672 0.0586 
491 558 0.0307 2006 965 0.0641 
499 964 0.0386 2083 800 0.0614 
506 563 0.0315 2210 928 0.0654 
506 567 0.0314 2484 818 0.0661 
534 583 0.0320 2558 702 0.0656 
541 514 0.0317 Sk a: 
573 558 0.0320 2970 801 0.0710 
581 765 0.0355 2998 726 0.0704 
_ 601 726 0.0352 3091 752 0.0725 
601 514 0.0322 3226 706 0.0740 
607 866 0.0384 3251 756 0.0749 
635 920 0.0400 3290 746 0.0749 
916 579 0.0391 3465 759 0.0775 
959 851 0.0445 3516 788 0.0780 


operated pump. The switch in the heater circuit was opened 
and after conditions had reached equilibrium and the readings 
of the three thermocouples checked within 1 deg, the viscometer 
was rotated on its trunnions into the vertical position where it 
was held by a stop. The driving motor of the recording milliam- 
meter was started and the time of fall was recorded automatically 
on the strip chart. The viscometer was then rotated through 
180 deg to permit the fall-body to return to the starting position 
after which the process was repeated. 


Tue Viscosiry oF WATER 


Using fall-body No. 28, the viscosity of saturated water was 
measyred from room temperature to the critical temperature of 
706 F. The results are tabulated in Table 2 and plotted in Fig. 


8. The effect of pressure on the viscosity of compressed (sub- 
cooled) water was determined by increasing the pressure on the 
water and repeating the test procedure. The results are shown 
in Table 3. Each tabulated set of values in Tables 2 and 3 is the 
average of from 5 to 15 individual determinations. A typical 
set of test results for one pressure and temperature is shown in 
Table 4. The original data are too voluminous for presentation 
in this paper, but may be consulted in the office of the Engineer- 
ing Experiment Station of Purdue University. 

Check tests were made over the entire range of pressures and 
temperatures with fall-bodies Nos. 30 and 31. No difference in 
results was obtainable with the three fall-bodies. 

Keenan’s (9) values for the density of compressed water were 
used in calculating the results. 

The viscosity of saturated water between 200 F and the critical 
temperature may be represented by the empirical equation 


uw = —2.185/(1 — 0.04012 — 0.0000051547¢?) - 


where u is centipoises, and ¢ is degrees F. 

The results of this investigation show that at pressures up to 
3500 Ib per sq in. abs, the effect of pressure on the viscosity of 
water is negligible, but that viscosity depends upon the tempera- 
ture. 

Tus Viscosiry oF SUPERHEATED STEAM 


The viscosity of superheated steam was determined by filling 
the viscometer with distilled water, then boiling and discharging 
the excess liquid and vapor through the vent to the atmosphere 
until the desired pressure and temperature were attained. The 
instrument was then rotated into the vertical position and 
clamped, and the time of fall was recorded automatically. 

Fall-body No. 35 was used to determine the viscosity of super- 
heated steam for all of the test points while fall-body No. 33 was 
used to check a number of the previous tests. 

The results of these tests are tabulated in Table 5. Each 
point is the average of from 5 to 40 separate determinations. 

Figs. 9 and 10 show graphically the results of the investigation 
over the entire range of pressures and temperatures from atmos- 
pheric pressure to the upper limit of the Keenan steam tables. 
The authors believe that these results are sufficiently accurate so 
that they may be used with confidence in engineering calculations. 
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Stresses in Three-Dimensional Pipe Bends 


By WILLIAM HOVGAARD,! NEW YORK, N. Y. 


The paper presents first an algebraic method of calculat- 
ing the couples, forces, and stresses in a three-dimensional 
pipe line fixed at the ends, consisting of straight parts at 
right angles to each other connected by quarter bends. The 
solution is complete in that it takes account of bending, 
torsion, compression, and shearing. It comprises a 
special discussion of the rotations and deflections of quarter 
bends when subjected to forces and couples acting normal 
to their plane, with particular application to the three- 
dimensional pipe line. The author also gives an analysis 
of the stresses at the terminal sections and in the bends, 
together with a discussion of the strength criteria and the 
permissible working stresses. A numerical example is 
given to illustrate the application of the formulas. 


1—INTRODUCTION 


N a two-dimensional or plane pipe bend subjected to changes 
of temperature, the reactions at the anchorages are in the 
plane of the bend. The calculation of the couples and forces 

acting on any section of the pipe is relatively simple, and has 
been discussed by the author in four papers?*45 published in 
the Journal of Mathematics and Physics of the Massachusetts 
Institute of Technology, and in two other papers.*®7 

When a pipe is so shaped as to lie in three planes, even if at 
right angles to each other, the problem is more complicated, 


1 Professor Emeritus, Massachusetts Institute of Technology. 
Mem. A.S.M.E. Professor Hovgaard was graduated from the Danish 
Naval College in 1879 with the rank of sub-lieutenant and from the 
Royal Naval College, Eng., in 1886. From 1888 to 1900 he served 
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Journal of Mathematics and Physics, vol. VII, no. 4, 1928, pp. 2839— 
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Massachusetts Institute of Technology. 
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1929, pp. 1-30. 
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the Third International Congress for Applied Mechanics, Stockholm, 
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not only because three coordinates must be used instead of two, 
but also because torsional couples are produced and the curved 
parts deflect out of their plane. When the pipe is fixed at the 
ends, as here assumed, there are at each terminal three com- 
ponent reactions instead of two and three component couples 
instead of one. Torsional as well as bending stresses are pro- 
duced and have to be combined with direct and shearing stresses. 

When three-dimensional bends are not of simple geometrical 
form, it is necessary, asin the case of plane bends, to use graphical 
methods of solution, but when the pipe consists of straight 
parts and circular quadrants, and provided there are not too 
many bends and tangents, it is possible and, it is believed, pref- 
erable to use the algebraic method, which must always underlie 
all graphical solutions. It is the object of this paper to present a 
fairly rigorous solution for the simple case where the pipe has 
three straight parts and two quarter bends, all situated in three 
planes at right angles to each other. The method has been 
successfully applied in practice not only to this case, but also to a 
pipe having four straight parts and three quarter bends. 

It is assumed that the curved parts of the pipe are bent to a 
radius of curvature not less than four or five times the diameter 
of the pipe, in which case it is unnecessary to take account of the 
fact that the neutral axis of a curved bar does not go exactly 
through the centroid of the section. 

On the other hand, we include the effect of the flattening of the 
circular section which takes place when a curved pipe is bent in 
its own plane and which may cause a very marked increase in the 
angular deflection of the bend.* This flattening practically does 
not occur when a curved pipe is bent out of its plane nor is it 
produced by torsion, so that when calculating the deflections of 
a pipe bend under such actions, we can regard the pipe as a 
curved solid bar with the same axis as the pipe and with the 
same transverse and polar moments of inertia. 


Tue PLann BEND 


In developing the following formulas, the general method 
and notation adopted in the author’s paper on deformation of 
plane pipes? are used, but it has been necessary or expedient in 
dealing with the curved parts of the pipe to extend the method 
considerably. 

Referring first to Fig. 1, let 


a couple acting as indicated by a suffix 

= radius of curvature of the axis of a pipe 

= 2h = wall thickness of the pipe 

= internal radius of the pipe 

external radius of the pipe 

= 1/,(r; + 7,) = radius of the middle surface of the 
pipe wall 

sectional area of the transverse section of pipe wall 

= moment of inertia of the area of the transverse sec- 
tion about the neutral axis 

polar moment of inertia of the transverse section = 
21 

= modulus of elasticity 

modulus of rigidity. Taking Poisson’s ratio as 
0.30, we have: G = E/2.6 and GI, = EI/1.3 

any point on the axis of the pipe 

angle between the radius to S and some fixed 
radius of reference 


DS 
| 


- 


S Nb Spee Sie 
ll ll ll ll 


Stn Ab 
ll 
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av = angle of a small element of the pipe axis comprised 
between two consecutive transverse sections 
Ady = change in dy caused by flexural strain 
s = length or girth of axis from the point of reference to 
ds = Rdy 
K =a coefficient applied to the angular deflection 
Ady /dy to allow for the flattening of the transverse 
section of a curved pipe 
K = (48h2R? + 10r4)/(48h2R?2 + r4)........... {1] 
Writing 
DRE Yr? SANs IS eee Ne ee at {2] 


and substituting \ in Equation [1] 
Kit=a(1 2X? -10) (022-01) eee [la] 


Since the flexibility of a pipe bend is directly proportional to 
K, this coefficient shall be called the “flexibility factor.” 


SURFACE 


Fie. 1 


For brevity, a direction parallel with the X-axis will be called 
the X-direction, and similarly, the rotation about an axis in the 
X-direction will be called an X-rotation; a couple with an axis 
in the X-direction will be called an X-couple; and a linear dis- 
placement in the X-direction will be called an X-displacement. 
Analogous terms are used in connection with the Y and Z axes, 
an X Y-rotation being the rotation in which OX turns toward OY, 
the same as Z-rotation. The other rotations are similarly refer- 
red to. Asseen from Fig. 6, a right-handed system of coordinates 
has been adopted in which the XY-, YZ-, and ZX-rotations are 
positive. 

Axes of couples are indicated in the diagrams by arrows drawn 
so that when looking along the shaft toward the head, the rota- 
tion is clockwise. Thus an arrow drawn in the positive X-direc- 
tion represents a positive couple and vice versa. 

Before dealing with three-dimensional pipe bends, it is desir- 
able first to analyze the case of plane circular quarter bends fixed 
at one end and subjected to terminal forces and couples acting 
normal to the plane of the bend at the other end. This problem 
occurs in three-dimensional bends, and in particular we wish to 
determine the rotations and the linear displacement normal to the 
plane of the bend at the free end. The analysis is here carried 
out in a simple and direct manner, disregarding the displacement 
of the free end in the plane of the bend, which is of the second 
order relative to that normal to the plane. 


2—QUARTER BENDS UNDER THE ACTION OF FORCES 
OR COUPLES NORMAL TO THEIR PLANE 


Casp I—Quartper Benp Frxep aT ONE END AND LOADED 
Wir « Force Normat To Irs PLANE aT THE FREE END 


Referring to Fig. 2, the bend is represented by its axis, which 
forms '‘a' circular quadrant OA. The bend, which is spoken of as 
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being in a horizontal plane, is fixed at O and loaded by an upward 
force F at its free end A. 

Consider an element ds of the pipe at S. The radius C'S forms 
an angle y with the X-axis. The force produces a bending 


Fie. 2 
(Case I.) 


moment M, with axis along the radius at S, and a twisting 
moment M, with axis along the tangent at S. These moments 
can be expressed as 


M, = FR cosy 


M, = FR (1 — sin y) 


The moment M, produces rotation of the element in a vertical 
tangential plane so that 


M, 
ghee) Seen 


\ 


The moment M, produces a twist of the element 


M, MR 


Ge dn We heed sab iste ae 


By resolving these rotations along the X-direction, we obtain: 
for the X-rotation of the element 


M, ioe. 
Ady,, = E cos y EI sin | Rdy 


Hence the total rotation at A in the YZ-plane becomes 


A 2 2 
Be Ev costyay—13 f (1 —sin y) anv at | 
EI 0 


Ag, = 
FR? 
= 0.506 eee 
EI [4] 
The Y-rotation of the element is 
M,. 1.3M, 
Adg,, = E sin y + EI cos | Rdy 


and the total rotation of the pipe at A in the XZ-plane becomes 


FR? 2 2 
Aeya = — Fr p siny cosydy + 1.3 cos 
0 
(1 — sin y) dy = 1.150... 15) 


It will be noticed that we have here used the couples M, and 
M, and not M, and M,, although we wish to find the X-rotation 
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and Y-rotation. The reason for this is that it is simpler first to 
find the pure-bending rotation and the pure twist because the 
_ corresponding moments of inertia of the pipe section are easily 
determined. After that we obtain the desired rotations by re- 
solving in the X-direction and the Y-direction. In other words, 
we resolve rotations instead of couples. 
The linear vertical deflection Az at A is determined as the 
algebraic sum of that due to M, and that due to M;,. This de- 
‘flection can be expressed as 


: 2 
_{(™% M, ) 
At, = a R cos y Rdy + Lae are (1 — sin y) Rdy 
yey ge "9 
= Elif, cooryay +13 fi a—snysay | 
) EI 0 0 
= +1.248 ne [6] 
, = + 248 reese 


where the positive sign indicates an upward displacement. 
) 
Casr JJ—QuartTER BEenpD Frxep aT ONE END AND SuB- 
JECTED To A Twistine Moment M, at THe FREE 
iN 
‘ Enp—Fia. 3 


As 


Fia. 3 
(Case II.) 
From Fig. 3 it is seen that 
M, = M, cosy 
eo rte ogee are tele [7] 
M, = M,siny 


The X-rotation of the element is 


_[™% M, . 
Adg,, = Be cosy + 1.3 EI sin | Rdy 


and 
2 2 
. Ag. A Mt Lf cos? y dp + 1.3 ue cinta | 
EI f 
M,R 
= +1. re 8 
+1.806 ae [8] 


The Y-rotation of the element is 


M M 
Adg,, = — E sin y — 1.3 wo | Rady 
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and 
M R "2 vo 
Ag, a4 = — — ig sin ¥ cos y dy — 1.3 ‘sin y cos y dy 
EI ; 
M 
= +0.150 2% 19) 


It is seen that the major rotation is in the same direction. as 
the acting couple. The Y-rotation is only about 8 per cent of the 
X-rotation. wi ess 

The vertical deflection of the free end is 


wT 


2 2 
™ M, = Mt by ai 
Wey = ! ay Fe 008 ¥ Rady 13 f a R(i—sin y) Rady 
MR? 2 2 
ee Lf cooryay— 1a f (1— sin y) xn vat | 
EI 0 0 


where the positive sign again indicates an upward displacement. 


Case ITI—Quarrer Benp Frxep ar One Enp anv Sus- 
JECTED TO A Courts M, at Tae Free Enp, Havine Irs 
Axis NorMAL To THE TANGENT aT A—Fia. 4 


Fie. 4 
(Case III.) 


It is seen from Fig. 4 that 
M, = M, siny 


Pee ey ee Pe ee {11} 
M, = M, cos y 
The rotation of the element in an X-direction at S is 
M, M, . 
Adg,, = | I cosy + 1.3 7; xiny | Rdy 
and 
M "2 2 
Ay,, =— Alf sin y cos y dy — af xiny enya | 
EI 0 0 
M,R 
= Bi ee 12 
+0.150 SF [12] 


Rotation of the element in a Y-direction at S is 


M M 
Adg,, = be sin y + 1.3 res | Rdy 


Tv 


2 is B 
Avya = vet len sin’? y dy + if cst ay | 
EI * ‘ 


= +1.806 aid 
Pe wee 


13] 


These rotations are the same as found in case II, and we have 
again a major and minor rotation; but the X-axis and the Y-axis 
are interchanged. 

The vertical deflection is 


T 


2 
M, M, 
Az, == fe ub R(A- 
: fe 0 BI 


¥ wv 
\ = 


ul 2 2 
nl ye sin y eosy dy + 1.3 ip (1 — sin y) cos y i 


M, Las 


= —1.150 ———../. [14] 
EI 


Case I1V—Quarrer Bunp Frxep at One END AND SuBJECTED 
av Any Pornt S to a Courts Equat to Taar Wuica 
Wovutp Br Propucep BY A Force F Acrine 
NorMat 70 THE Bend at O-—Fiea. 5 


Fig. 5 
(Case LY.) 


The ease is fictitious inasmuch as a force F applied at O would 
not actually produce a couple at S since O is fixed, but as will be 
explained later, it is here desired to determine the effect at A of a 
couple of just that magnitude at any point S. The result is the 

same as if F were acting downward at A in conjunction with 
‘a certain couple. 

It is clear that the rotation at the A-end must be of the same 

amount as in ease I, but since the force in case I was applied at 


the A end, Ay,, becomes Ay, 4 in case IV, and vice versa. Thus 
A 1.150 a (15] 
2.4 = 15 3 “ne 
PxA EI 
A = +0.506 ae 6 
Sy4 = TV. ar aes {16} 


Equation (15] gives the twist or X-rotation at A, while Equa- 
tion [16] gives the Y-rotation at A. 

The linear deflection at A normal to the plane will not be the 
same as in case I. In case IV, M, = FR sin y, and M, = 
(1 cos y) 
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amy: 3b ey manera ay Ot sin ¥) ay 
3 
= et f° wren fs (1 — sin y) 


(1 — cos y) | = 


In cases I to IV, we have supposed the acting force and the 
axis of the acting couple to be in the positive X- or Y-direction 
and the axes of all the couples are so drawn as to make the rota- 
tion clockwise. ‘The direction in which the arrows representing 
the couples M, and M, are to be drawn can thus be determined 
readily as can also the sign to be given to the rotations and the 
displacement at A. If the acting force or couple acts in the 
negative direction, all the rotations and all the displacements 
change sign, and we have only in the final results to substi- 
tute —F, —M,, —M, for F, M,, M,, provided the coordinate 
axes are placed in the same senion relative to the fixed and free 
ends of the quadrant. The orientation of the quadrant in space is 
indifferent, but if we change the name of the coordinate axes as 
in the second quarter bend of Fig. 6, we must realize clearly 
which end of the quadrant is assumed to be fixed and exactly 
how the acting force or couple is applied. This is indicated in 
Tig. 8. 


3—ANALYSIS OF THE THREE-DIMENSIONAL PIPE 
BEND 


GENERAL 


Pipe bends are often attached to parts of the machinery which 
are anchored at points a certain distance from the terminals of 
the pipe, these parts of the machinery themselves being subject 
to heat expansion. 

In such eases, linear displacements of the terminals will take 
place which must be added algebraically to those caused by 
heat expansion of the pipe itself. 

Fig. 6 shows diagrammatically the general lay-out of such a 
pipe in the ideal case here considered, where all the bends are 
circular quadrants associated with straight tangents at right 
angles to each other. The ends O and A are regarded as fixed in 
direction and subject only to the displacements caused by the 
machinery parts to which they are attached. Thus, reaction 
forces and couples exist at those points, and it is the first object of 
the following analysis to determine these reactions. 

Referring to Fig. 6, O is taken as the origin in a right-handed 
rectangular system of coordinates. The forces and couples 
(P,Q, N) and (Mo,, Mo, Mo,) at O, and (—P, —Q, —N) 
and (M,4,, M4,, M4,) at A are the reactions. The forces are 
considered positive when acting in the positive direction of the 
coordinate axes and the couples are considered positive when turn- 
ing in the directions XY, YZ, and ZX. In Fig. 6, all the reac- 
tion couples are shown. as being positive, but the forces at A, 
which are known to be equal and opposite to those at O, are shown 
as being negative. ; 

The radius of the bends is R, and the straight lengths of pipe 
are L,, L,, and L,, respectively. Also, L, + R=H,L, + 2k = 
L,andL,+R =T. 

The Y-direction shall be referred to as vertical, and the X- and 
Z-directions as horizontal. 

“At any section S (z, y, z), the couples acting on the part of the 
pipe farthest from the origin, but expressed in terms of the reac- 
tions at the origin, are 
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M, = Mo, + Qz— Ny 
M, = Mo, + Nx — Pz 
M, = Mo, + Py — Qz 


The couples acting at S on the part of the pipe nearest the 
origin, expressed in terms of the reactions at A, are of the form 


M’, = My, + Q(T — 2) — N(H — y) = My, + QT 
; — NH — Oz -— Nuit eee {18a} 


which should be equal to M,, in magnitude, but of opposite sign. 


Fie. 6 


Now, for equilibrium of the whole pipe taking moments about 
O, we must have, 


i OF a 4 


ja Alyeas 
and substituting in Equation [18a] we get 
Me Me Oz-+ Ny 


which is equal to —M, according to the first of Equations [18]. 
Also M’, and M’,, expressed in terms of the reactions at A, are 
found to be equal to —M, and M,, respectively, expressed in 
terms of the reactions at O. 

In calculating the rotations and displacements of the A-end 
of the pipe, it would seem natural, as in cases I, I, and III, to 
find the deflections of the element at any point in terms of the 

_ reactions at A, that is, in terms of the couples (M’,, M’,, M’,), 
but since the expressions for those couples, as given by Equation 
[18a], are more cumbersome than those for (M,, M,, M,) in 
Equations [18], it is preferred in the following to substitute the 
latter, simply using —M,, —M,, and —M, instead of M’,, Ve 
and M’,. This consideration led to case IV. 

There are six fundamental equations between the reactions 
and the deflections at each end of the pipe, three for the rota- 
tions and three for the linear displacements. Since both ends are 
assumed to be fixed in direction, the rotations of A relative to O 
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are equal to zero and, therefore, the sign of the bending moments 
in the equations is indifferent, so that we can use the expressions 
in Equations [18] as they stand without changing their sign. 

In forming the equations for the displacements, it must be 
borne in mind that the heat expansions at A do not actually take 
place; they are prevented by the reactions, which may be im- 
agined to produce the displacements Ar,, Ay4, Az, in negative 
directions. Hence, while M,, M,, M, must be entered with a 
negative sign, it is also necessary to enter Ary, Ay4, Aza with a 
negative sign on the other side of the equations, and thus the 
minus signs cancel one another in this case. (Compare Equa- 
tions [22] and [23] of this paper with the second and third 
Equations of [13’] on page 209 of the author’s paper on the defor- 
mations of plane pipes.*) 

Since the pipe is assumed to be of uniform section and material, 
the product EJ is constant and can be omitted in the equations 
for the rotations, each of which is equal to zero. In the displace- 
ment equations, HJ has to be entered, and for the sake of sim- 
plicity, is placed as a factor of Ar,4, Ay4, and Az, on the right- 
hand side of the equations. 

It has been shown in case II that a pure or constant couple 
M,,, applied to a quarter bend, such as for instance the first bend, 
produces a major rotation (in that case a twist) of the free end 
in the X-direction, and a minor rotation in the Y-direction. 
Also, as shown in case III, M, produces a major rotation in 
the Y-direction and a minor twist in the X-direction both 
having the same sign. The minor rotations will be neglected 
in the equations of rotation, where their inclusion would com- 
plicate the problem so as to make the solution impracticable. 
They can however be included without difficulty in the equations 
of displacement, and when on this basis the reaction forces and 
couples have been determined, a more accurate recalculation can 
be made, if necessary, by substituting these values in the small 
rotation terms and including them in the rotation equations. 

We have seen in cases IT and III that a constant couple acting 
on a quarter bend produces a displacement Az as well as rota- 
tions of the free end. In connection with the three-dimensional 
pipe we shall refer to that displacement as ‘“‘local,”’ although the 
whole pipe beyond the bend partakes in it, but this term is 
adopted in order to distinguish it from the displacements of A 
produced by the rotations of the ends of the bends which act 
with a leverage on the end of the pipe. 

Actually the couples, which act on the quarter bends, are not 
constant throughout the quadrant. Referring to Fig. 7, consider 
M, = Mo, + Qz — Ny in the first quarter bend. Here z = 0 
and y = L, + 
Resin y, so that \Y 
M., is composed 
of a constant 
couple Mo, — 
NL, and a vary- 
ing couple —VR 
sin y. Also M, 
furnishes a con- 
stant couple 
Mo, and a vary- 
ing couple + VR 
(1 — cos y). 
The effect of the 
two varying 
couples is the 
same as that of a 
force N acting 
in the Z-direc- 
tion at B, since 
this gives MW, = 


Ix 


X=R(l-cos ¥) 
Y=Ly+Rsin¥ 
A 

at aA=0 


IN 


Fie. 7 
(Firet bend, vertical projection.) 
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NRsin y, and M, = + NR (1 — cos ¥) and this is precisely 
the problem considered in case IV where F takes the place 
of N. We have then the rotations produced by the varying 
part of the couples M, and M, at the point D of the first bend, 
which are —1.150 NR? in the X-direction, and +0.506 NR? 
in the Y-direction. 

The displacement Az produced at D by the force N is, accord- 
ing to case IV, —0.408NR, which is in the negative Z-direc- 
tion, and arises from the varying parts of both the M, and M, 
couples. Hence the varying parts, like the constant parts of 
these couples, produce a local displacement of the quarter bend at 
D and two rotations. 

The M, couple acts in the plane of the first bend and is dealt 
with as in a plane problem. Only rotations in the X Y-plane are 
produced, and the displacements at A can be calculated directly 
by integrating the effect of each element ds as in plane bends. 

All that has been said here about the first bend applies in prin- 
ciple to the second bend EF, Fig. 8, where M, takes the place of 


E. x 


R+Lx J Ps i Mx 


I< 


X=R+Lx4+Riny¥ 
You 
Z=R(\-cosy) 


Fia. 8 
(Second bend, horizontal projection.) 


M., and M, and M, act in planes normal to the bend. The vari- 
able couple is here due to Q acting in the positive direction at H, 
which is regarded as fixed. 

While the straight parts of the pipe can be dealt with by the 
same general method as used in plane bends, it is expedient to 
deal with each of the quarter bends separately. The local rota- 
tions at the endpoints D and F are determined from cases II, 
III, and IV and are simply added to the other terms in each of the 
equations of rotation. In the displacement equations we enter 
separately the local displacements normal to the plane of each 
bend and then the displacements caused at A by the rotations at 
the ends of the quarter bends. This somewhat complicated 
analysis will be explained in some detail. 

In forming the three equations of rotation, the complete 
integral from O to A for the major component couple is first 
written, after which are added the integrals for the rotations about 
the same axis, produced in the quarter bends by the other com- 
ponent couples. While both M, and M, produce X-rotation in 
the first and second bends, respectively, and, therefore, appear 
in the first equation, M, does not produce Y-rotation and hence 
does not appear in the second equation. Similarly M, does not 
produce Z-rotation and is therefore absent from the third equa- 
tion. Thus the equations of rotation become 


A D F 
fouas ff was fo Ms = 0..... [19] 
(6) B E 
A D 
ip KM,ds + iL M,ds = 
0) B 
A F 
+ if KM,ds + Ap M_ds 
0 E 


| 
—) 
[<) 
S 
= 


I 
o 
w 
= 
= 
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The integrations are with respect to ds, which in the straight 
parts of the pipe are equal to dz, dy, dz. In the bends ds = Fdy. 
The integrations follow the axis of the pipe. 

It will be observed that the flexibility factor K is entered only 
under the integrals where the couple acts in the plane of one 
of the bends. In all other parts of the system, K is equal to unity. — 
In the first bend, for instance, K is taken into account only in 
connection with M,, in the second bend only in connection with 
M,. 

Tn forming the displacement equations consider first the X- 
direction. It is clear that M, cannot produce any X-displace- 
ments in the straight parts and, as explained previously, in the © 
bends except in the first bend where it produces a minor Y-rota- 
tion, which with a leverage 7’ causes A to move in the positive , 
X-direction. The couples M, and M, must be considered for — 
the whole pipe. The couple M, acting at any point S, causes the _ 
element at that point to rotate and, with a lever (H — Y), to 
produce a negative X-displacement at A. The couple M, ro- 
tates the element through an angle which, with a lever (7 — 2), 
gives a positive X-displacement of A. 

The algebraic sum of these displacements will be equal to the 
heat expansion Ary. The equations for the displacements in the 
Y- and Z-directions are formed in the same manner. Since M, 
does not act in the plane of any of the bends, it does not carry the 
K-factor. The algebraic sums of the displacements are 


=: ‘xa — pans f° K(T — z)M,ds 


+T ib M,ds = EI Az,........ [22] 
B 
A D 
i K(L—2z)Mds— | (T—2M,ds—T | M,ds 
oO (6) B 


—L, pape = HDL AGQaiadn seeks [23] 


ce K(L— «)M,ds — (L, + R) 


X-ROTATION 


The rotation in the YZ-plane is caused chiefly by the first term 
in Equation [19], containing M,, which affects all parts of the 
pipe. The second and third terms of Equation [19], containing 
M, and M,, can produce no rotation in the X-direction in the 
straight parts of the pipe, and in the bends only where they act 
normal to the plane of the bends. 

Substituting Equations [18] in Equation [19], we obtain 


A aw [2 
ff (lo. + @2— Ny) ds + fp (Mo, + NR (1—cos y)] Rdy 


r/2 
ve Bi. (Mo. + PH — Q(R.4+ L, + Reiny)| Ray..... teal 


since z = 0 and « = R(1 —cosy) in the first bend, and y = H. 
ands = (R + L, + & sin y) in the second bend. 
For the straight part of the pipe OB, where z = 0, we obtain 
Ly 
(Mo, — Ny)dy 


For the first bend, Fig. 7, where y = L, + Rsin y, and z = R 
(1 — cos #), we obtain 
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a/2 n/2 
ia [Mo, — NLy — NR sin y] Ray a [Mo, 
} 0 


+ NR (1 — cosy)] Rdy 


From case II we know that the constant couple (Mo, — 
NL,) produces an X-rotation at A of +1.806 (Mo, — NL,)R, 
and from case III, that the couple Mg, produces an X-rotation 


‘ of +0.150 Mo,R, but as previously stated, the latter will be 


neglected, at least preliminarily. 
There remain the terms 


a/2 1/2 
Esl NR? sin w dy a NR? (1 — cos y) dy 


which are such as would arise from a force N acting normal to 


a 


the bend at B. Thisis easily recognized as case IV, where a force 
F acting at O in Fig. 5 produces an X-rotation at the point A of 
—1.150 FR?/EI. Hence we obtain here for the point D a term 
—1.150 NR?, 

For the straight length L, = DE, extending from z = R tox = 
R + L,, we still have z = 0, but y = H. Thus M, which in this 
instance is torsional, becomes (My, — NH) and we obtain a term 


R+Lz 
+1.30 (Mo, — NH)dx 
R 


The second bend, Fig. 8, is in a horizontal plane and only the 
first and third integrals in Equation [19a] need to be considered. 
Herey = H,x=R+UL,+ Rsiny, z = R (1 — cosy) and we get 
the terms 


Tv 


2 7 
is (Mo, + QR (1 — cos y) — NHjRdy + ihe [Mo. 
é 0 0 


+ PH — QR + L,) — QR sin y] Rdy 


For the constant part of the M,-couple (My, — NH), we get 
according to case III a major term +1.806 (Mo, — NH)R, 
and for the constant part of the M,-couple according to case II a 
minor X-rotation, +0.150 [M>o, + PH —Q (R + L,) JR, which 
again is neglected in the preliminary calculations. 

The variable terms in Q give 


f QR? (1 — cosy) dy th QR? sin y dy 
Jo 0 


which are recognized as expressing the effect of a force Q acting 


- upward at # in the same way as F acts at O in case IV, in which 


Agya = +0.506 FR?/EI. Since OY in case IV corresponds to 
OX in the present case, we get an X-rotation of +-0.506 QR’. 

For the length L, = FA, extending fromz = Rtoz=R-+L, 
= T, where again y = H, we obtain from the first term in Equa- 


tion [19a] 
T 
Je (Mo, + QZ — NH)dz 
R 


; We can now write’ Equation [19a] as 


Ly 
if (Mo, — Ny)dy + 1.806 (Mo, — NL,)R — 1.150 NR? 
0 


R+Lz 
+130 | (Mo, —NH)dz + 1.806 (Mo, —NH)R 
R 


Ty 
+ 0.506 QR? a) (Mo, + Q2—NH)dz = 0...[19b] 
R 
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Carrying out the integrations and arranging the terms, we ob- 
tain the final equation for the X-rotation 


[3.612R + 1.30L, + L, + L,] Mo, + 4 772 — [3 L? 
+ 1.806 (Ly + H) R + 1.150R? + (1.30L, + L, H]N = 0... [25] 


If it is desired to allow for the minor rotations caused by M, and 
M, in an eventual recalculation, the following terms 


0.150 Mo, R + 0.150 R [Mo, + PH — Q(R + L,)] 


should be added to the left-hand side of Equation [25]. Sub- 
stitute the numerical values of Mo,, Mo,, P, and Q as deter- 
mined by the calculations before these corrections were made; 
this means simply an addition of a numerical quantity. 


Y-RoratTion 


From Equations [18] and [20] we have 


r 2 
Bi) K (Mo, -+ Na — Pz)ds oe [Mo, 
0 


—N(L, + Rsiny)] Rdy =0.................... (20a) 
and applying this to the various parts of the pipe we find that 


R+Lz 


Ly 
1.3 i Mo, dy + 1.806 Mo, R + 0.506 NR? + ih (Mo, 
0 R 


pf 
+ Noae+ Kr [Mo, + N(R +L, + Rsiny) 
0 


the 
— PR (1—cosy)] dy aff (Mo, + NL — Pz)dz = 0. . (208) 
R 


The flexibility factor is entered only for the second bend where 
M,, acts in the plane of the bend. 
After integration and transformation Equation [20b] becomes 


[1.806 R + 1.571 KR + L, + 1.30L, + Lz] Mo, — 
(0.571 KR? + 4 [2 —tR|P 


+ [0.506 R? + 2.571 KR? + RL, + 1.571 KRL, + 3 L,? 


In a recalculation, the numerical value of a term + 0.150R 
(Mo, — NL,) should be added to allow for the action of M, on 
the first bend (case IT). 


Z-ROTATION 


From Equations [18] and [21] we derive the equation 


wv 


A 2 
fy 5 tte, + Py 00 a0 + fie, +02 
O 


(1 — cosy) — NH] Rdy = 0...... [21a] 


from which we obtain 


Ly "2 
if (Mo. + Py)dy + KR sf) (Mo, + P (L, + Rsin ¥)] dy 
0 0 
R+Lz 


aie (Mo, + PH — Qz)dz + 1.806 [Mo, + PH — Q(R 
R 


T 
+ L,)] R—1.150 QR? + 130 f (Mo, + PH — QL)dz = 0 
Jae [21b} 
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The factor K appears in the integral for the first bend, where 
M, actsin the plane of the bend. The term —1.150 QR? is caused 
by Q in M, and M, in accordance with case IV, where the X- 
rotation corresponds to the Z-rotation in the present case. 

Carrying out the integrations and transposing, we obtain for 
the Y-rotation 


(1.806 R+1.571KR +L, +L, +1.30L,) Mo, + (KR? + 1.571 
KRL, + 1.806 RH + 3 L,? + HL, + 1.30 HL,)P — (2.956 
R? + 2.806 RL, + 4 02, + 1.30 DL,)Q =0.... [27] 


In a recalculation, a term + 0.150R (Mo, — NH) must be 
added to the left-hand side in order to allow for the action of M, 
on the second bend (case III). This is the only term caused by 
the second integral in Equation [21a]. 


X-DISPLACEMENT 


Here again the various terms obtained successively from 
Equation [22] for all the different parts of the pipe are to be 
added algebraically in order to obtain the displacement of the 
A-end. From Equations [18] and [22] we obtain 


A A 
tf K(H — y) (Mo, + Py — Qz)ds fi IC ie 4) 
0 


: 2 
(Mo, + Na — Pz) ds + ay [Mo, — N(L, 
0 
+ Rsiny)] Rady = Hl Aay...... [22a] 


where the last integral represents the displacement due to a 
minor Y-rotation of the first bend caused by M,,. 

The first and second integrals of Equation [22a] run through 
the whole length of the pipe, but, as explained previously, the 
bends are treated as independent parts. 

In the vertical stem OB, displacements in the X-direction are 
produced by M,. At every point, the rotation of an element acts 


Ly 
on A with a lever (H — y), giving the term — jh (H — y) 
0 


(Mo, + Py)dy. At the same time, WM, produces a torsion in 
OB which at B acts with a lever T relative to the point A, giving a 
displacement 1.30 Mo, L, T. 


The straight part DH does not produce any X-displacement, 
; - 


but the part FA is bent by VM, and gives a term oh (2) ii 
R 


dz. 

The first bend is subjected to M, and the second bend to M, 
acting in their respective planes, and give rise to two terms, ob- 
tained by multiplying the corresponding rotation terms in Equa- 
tions [21b] and [20b], respectively, with R (1 — sin y) and (7 — z) 
under the integral signs. Both terms carry the coefficient K. 
See Figs. 7 and 8. 

In the first bend, the Y-rotation + 1.806 Mo, R given in Equa~ 
tion (20b] acts with a lever 7. The minor Y-rotation caused by 
M, in the third integral of Equation [22a] acts with the same 
lever. 

From the second and third integrals in Equation [22a] there 
results for the first bend a term which is +0.506 NR27. This ex- 
presses the effect of the rotation called Ag), in case IV, given in 
the third term of Equation [20b]. It acts on A with a leverage 7’. 

Thus Equation [22a] becomes 

Ly 
7 A 


T- 
—~ (H—y) (Mo, + Py) dy + 1.30 Mo, L, T oa (T — 2) 
0 
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2 
(Mo, + NL — Pz)dz — KR? ie (1 — siny) [Mo, +2 
0 


5 
(L, + R siny) — QR (1 — cosy)] dy + xe f (L, 
0 


+ Reosy) (Mo, + N(R +L, + Rsin y) —PR(1 —cos ¥)] dy 
+ 1.806 Mo, RT + 0.506 NR? T + 0.150 (My, — NL,) RT 
= EI Avg... .{22b] 


Carrying out the integrations and rearranging the terms, 
we obtain for the X-displacement 


0.150 RTM, + (1.30 L,T + 1.806 RT + 1.571 KL,R 
+ KR? + } L*,) Mo, — (AL, + 0.571 KR? -- > L,?) Mo, 
— (3 HL,? + 0.571 KL,R? + 0.480 KR§ + § T3 + 3 R 

+ 0.571 KL,R? — 3 L,? — } TR)P + (0.506 R°T 
+ 2.571 KL,R? + 1.50 KR? + KL,R® + 1.571 KL,L,R 
+ 5 LL2— 0150 RT) IN = BDAtw. on [28] 


Y-DIsPLACEMENT 


From Equations [18] and [23] we can derive 


A A 
ip K(L—z) (Mo, + Py—Qz)ds t/t K(T —2) (Mo, 
O 


ES 
2 


+ Qz— Ny)ds — of [Mo, + NR (1 — cos y)] Rdy 
0 


v 


2 
-— a (Mo, + PH—Q(R + L, + Rsin y) |Rdp 
0 


The first and second integrals of Equation [23a] run through 
the whole length of the pipe. The third and fourth integrals 
provide for M, in the first bend and M, in the second bend, re- 
spectively, which couples act normal to the plane of the bends in 
both cases. 

The displacements caused by the deflections of the straight 
parts are obtained by applying the proper leverages to the respec- 
tive X- and Z-rotations as given in Equations [19b] and [216]. 

The first bend is subject to Z-rotation in its own plane, acting 
with a leverage [LZ — R(1—cos y) J, and causing a Y-displacement 
at A. 

The permanent couples (Mj, — NUL,) in the first bend and 
(Mo, — NH) in the second bend, which come from the second 
integral in Equation [23a], cause major rotations in the bends at 
D and F, respectively, and, as explained in cases II and III, 
carry the factor 1.806. They act on A with a leverage 7 and L,, 
respectively, causing a negative Y-displacement. 

The permanent couples also produce local displacements in 
the second bend at F. The couple (My, — NH), which corre- 
sponds to M, in case III, causes a local Y-displacement of —1.150 
(Mo, — NH)R?, and the couple (Mo, + PH), which corre- 
sponds to M, in case II, causes a local displacement at F of 
+0.506 (Mo, + PH)R?. 

In the third integral of Equation [23a], M, causes a minor X- 
rotation of the first bend, giving a negative term —0.150RTMo, 
In the fourth integral, M, causes a minor X-rotation of the second 
bend, giving a negative term —0.150 RLz [Mo, + PH — 
Q(R + L,)). 
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The second and third integrals of Equation [23a] give together 
an X-rotation of the first bend due to the force N acting at B. 


| According to case IV, this rotation is —1.150 NR?, as given in 


Equation [196], and acting at A with a lever 7’, it gives an upward 
Y-displacement equal to + 1.150 NR27’. 

Similarly the second and fourth integrals of Equation [23a] give 
together an X-rotation of the second bend at F due to Q acting at 


| E. According to case IV, and as given in Equation [19], 
' this rotation is equal to +0.506QR2, which gives a downward 


displacement at A equal to —0.506QR2L,. These two integrals 
also, according to case IV, due to the action of Q, cause a local 
Y-displacement at F equal to —0.408 QR*. 

We thus arrive at the following equation for the Y-displace- 
ment 


: Ly Ly 
Ap (Mo, + Py)dy — of (Mo, — Ny)dy — 1.30 L,7(Mo, 
/ 0 0 


Ts R+Lz 
Rey 14 (T —2) (Mo, + Qz— NH) dz + | (L—z) (Mo, 
R R 


+ PH — Qz)de + KR ‘ Bi — R (1 — cosy)] (Mo, 
+ P(L, + Rsiny) — QR(1 — cos y) Jd — 1.806 (Mo, 
— NL,)RT —- 1.806 (Mo, — NH)RL, — 1.150 (Mo, 
— NH)R? + 0.506 (Mo, + PH)R? + 1.150 NR?T 
— 0.506 QR?L, — 0.408 QR? — 0.150 RL, [Mp, + PH 
— Q(R + L,))—0.150 RTM, = El Ayg........ [230] 
After integration and transformation we obtain 
— (TL, + 3.612 L,R + 2.956 R? + 1.30 TL, + 4 L2)Mo, 
— 0.150 RTM, + (LL, + 2 LL, + 1.571 KRL + 0.506 R? 
— 0.571 KR? — 0.150 RL,) Mo, + [3 LL,? + 3 HL,? 
+ HLR, + 1.571 KRLL, + KLR? — 0.150 HRL,— 3 (K 
—1)HR?)P — (% L,? + 0.850 RL, + 0.850 RL? 
+ 0.571 KLR? + 0.408 R? + 4 L,? + 0.506 R2L, + 4 RL, 
— 0.355 KR)Q + [3 TL,? + 1.806 TRL, + 1.150 R? (7 


2 HL,2\N = El Ay, 
eeei29] 


+ H) + 1.806 RHL, + 1.30 THL, + 


Z-DISPLACEMENT 


From Equations [18] and [24] we can derive 


A A 
bf (H — y) (Mo, + Qz — Ny)ds ri K(L — 2) (Mo, + Nx 
oO a) O 


D 
= Pde — Oy +e mf, [Mo, —- N(L, + Rsin y)] Ray 


} The straight parts OB and DE give rise to the first three terms 


in Equation [24b], and do not require any explanation. 

The couple M,, acting in the plane of the second bend with a 
leverage equal to R (1 — sin y), carries the factor K. No other 
Z-displacements are caused by the second bend as can be seen 
from Fig. 8. 

The first bend is acted upon by a permanent couple (Mo, — 
NL,) and a varying couple —N& sin y. It is also acted 
upon by a permanent couple Mo, and a varying couple 
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NR (1 —cosy). The first permanent couple produces a local 
displacement at D, which according to case II is equal to +0.506 
(Mo, — NL,)R*. It also produces a Y-rotation acting with a 
leverage (L, + R) = (L — R) as given in the third integral of 
HMquation [24a], giving a term —0.150 (Mo, -— NL,) (L — R)R. 
The second permanent couple Mo, gives according to case III a 
local displacement at D equal to —1.150M o,R?, and a Y-rota- 
tion with leverage (L, + R) = (L — R), giving a term —1.806 
RMo, (L — R). 

Finally the two varying couples, containing N, give, according 
to case IV, a local displacement at D equal to —0.408NR3, 
and since they cause a Y-rotation equal to +0.506 NR?, they 
give moreover a negative displacement at A equal to —0.506 NR? 
(L — R). 

Thus Equation [24a] becomes 


Ly 
y (H — y) (Mo, — Ny)dy — 1.3 Mo, L,L 
0 


R+ Lz a/2 
. sf (L—zx) (Mo, + Na)dx — KR? fi (1 —sin y) [Mo, 
R 0 


+ N(R + L, + Rsin y) — PR(1 — cos p)) dp + 0.506 (Mo, 
— NL,)R? — 0.150 (Mo, — NL,) (L — R)R — 1.150 Mo,R? 
— 1.806 Mo,R(L — R) — 0.408 NR? — 0.506 NR? (L — R) 

=A eee [24b) 


After integration and transformation Equation [24b] becomes 


(HL, + 0.356 R? — 3 L,? — 0.150 L,R)Mo, — (1.30 LL, 
+ 2.956 R? + 2.806 RL, + 7 L,? + 0.571 KR*)Mo, — (3 HL,? 
+ 0.914 R? + 3 LL? + 1.506 R°L, + 0.785 KR? 
+ 0.571 KR2L, + 0.656 L,R? — 1/3 L,? — 1/3 L,3 
— 0.150 LL, R)N = EI Az,.. 


SOLUTION OF THE EQUATIONS 


The fundamental equations can be written in the following 
forms 


A\Mo, + AQ VAN =30).. [31] 

B.Mo, + BP + BN = 0.. [32] 

GUAPO OO = 0 - (33) 

DiMon + DiMo, + DiMo, + DiP + DiN = ET Azg... [34] 
E\Mo, + E2Mo, + EsMo, + EsP + EQ + EHyN 

= EI Ay,. (35) 

F\Mo, + Fr2Mo, + FsN = El Azq. [36] 


where the composition of the coefficients A to F with suffixes 
can be obtained from Equations [25] to [80], inclusive. For a 
given lay-out of the pipe line, all the quantities that enter into 
the coefficients aré known and their numerical valués can be 
computed. 

The solution for the unknown forces P, Q, and N, and for the 
unknown couples Mo,, Mo,, and Mo, is best obtained by first 
eliminating the couples. Determine the value of each of the 
couples from Equations [31], [32], and [33], and substitute the 


values of the couples in Equations [34], [35], and [36]. This will 
result in three equations of the form given in the following Equa- _ 
tions [37 ]. 

mP + BQ+ymN = El Ar, 

oP + BQ + yN = El Aya? +--+ +++ [37) 


oP = BsQ oF wN = EI d24) 
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from which the unknown forces, P, Q, and N, can be determined. 

If these values of the forces so obtained are substituted in 
Equations [81], [82], and [33], the couples acting at O can be 
found. 

We are now able to determine the couples acting at any point 
(x, y, or z) of the pipe by substituting the values of the component 
couples and forces acting at O in Equations [18]. Thus, the 
couples at the A-end can be found by putting z, y, and z in Equa- 
tions [18] equal to LZ, H, and T, respectively. When reversing 
their sign we have the reaction couples 


M,, = —(Mo, + QT — NBA) 
Ma, = —(Mo, + NL — PT) 
Ms: — —(Mo, ar eel QL) 


It is necessary to examine separately the conditions in the 
bends in order to determine the maximum stresses in these parts. 
At any point of a bend, one of the three component couples 
M,, M,, M, acts in the plane of the bend, and stresses caused 
thereby require the use of the flexibility factor K for their deter- 
mination. The two other component couples are resolved into 
one couple M, with axis in the radius of the bend, causing bend- 
ing of the pipe. Another couple M,, with axis tangent to the 
pipe at the point, constitutes a twisting couple. By means of 
these couples the bending and torsional stresses can be deter- 
mined since the corresponding moments of inertia of the sec- 
tion, J and I,, are readily found. 

In the first bend where M, is acting in the plane of the bend, 
Fig. 6, the expression for the couple is 


M, = Mo, + P (L, + Rainy) — QR( — cosy)... [39] 


Differentiating with respect to y, this couple is found to be a 
maximum when 
Gan Wenn) o/s. ee {40} 


Since P and Q are positive, M, becomes a maximum somewhere 
within the bend. The maximum value of this couple can be 
found by substituting from Equation [40] into Equation [39], 
whence 


M, mx = Mo, + PL, + RIV (P? + Q) — Q]... [39a] 


The maximum M,, however, depending on the sign of Mo,, 
may be smaller numerically than the couples Mz, and Mp, act- 
ing at the points B and D, respectively. The value of Mz, at B 
where y = Ois 


Mz, = Mo a PL, 
while at D, where y = 1/2 
Mp, = Mo, ae PL, stele (Ee) 


It is necessary in all cases to ascertain the value of M,max. 
The bending couple normal to the plane of the bend is 


M, = M, cosy — M, sin y = [Mo, — N(L, + Rsiny)] cos y 
— [Mo, + NR (i — cosy)] siny 


Therefore 
M, = (Mo, — NL,) cos ¥ — (Mo, + NR) siny ... [41] 
The maximum value of M, occurs when 


Mo, + NR 


vy t ms Se 
7 Ys Mo, — NL, 
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The twisting couple is 


M, = M,siny + M, cosy = (Mo, —NL,) sin Ymax + (Mo, 


+ NR) cos ¥max — NR ah ee [42] 
the maximum value of which occurs when 
bay Mo, — NL, 1 
NYpmax = = 
: Mo, + NR tan We 


showing that M, has its maximum in a plane at right angles to 
M,. Hence, one of these maxima falls outside the quadrant. 

The forces P, Q, and N, acting at any section, are best resolved 
in directions normal and tangential to the transverse section. 
They produce direct compression and shear, where 


Fy = Psiny + Qeosy 
F,= +/ (P cos y — Q sin y)? + N? 


Again it is necessary to determine the maximum values, which 
for Fy occurs at the same section as that of M,, while F’, has its 
greatest value at B and D. 

Similar equations can be established for the second bend, where 
M,, acts in the plane of the bend, and M, and M, act at right 
angles to it. 


4—THE STRESSES 


STRESSES AT THE TERMINAL SECTIONS O AND A 


The greatest stresses are found in the terminal sections and in 
the bends. The longitudinal bending stress py at the O-end 
of the pipe is generally the most important. This stress is caused 
by the resultant couple of Mo, and Mo,, here denoted by Mo, 
where 


Mo =\/ (Mo Mas) a [45] 


Since there is no flattening effect, the flexibility factor K is equal 
to unity, and the corresponding maximum stress is 


apie Mot Jie. cee ee [46] 


where r, is the radius to the outer surface of the pipe. 

The steam pressure P produces a longitudinal stress, which is 
assumed to be uniformly distributed over the section of the pipe 
wall. This stress is approximately 


Dis — Pr,/2t ROCA COO Star [47] 


where r; is the internal radius of the pipe. This equation is 
given on page 336 of the author’s paper “‘Tests on High-Pressure 
Pipe Bends.’’® 

Finally, there is a uniform longitudinal stress due to the com- 
pressive reaction Q which can be expressed as 


Dio = OVA eer inn aac [48] 
but which is generally small and can be neglected in many cases. 


Thus, the total longitudinal stress becomes 


Pis= Pia Dwi ste ies ee sgieei=obe sire [49] 


which has its maximum value at the outer surface in the plane of 
Mo. 

The steam pressure also produces a transverse or “hoop” stress 
which is assumed to be uniformly distributed over the section of 
the pipe wall. This stress can be expressed as 


f= Pryfts stovocnsten ee [50] 


Where the pipe is straight, as it is at O, no other transverse 


~~ 
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stresses exist, so that, denoting the total transverse stress by », 
we have pos = p2in this case. 

The torsional couple Mo, produces a shearing stress which has 
its maximum value in the outer surface. It acts in the plane of 
the section and is directed everywhere normal to the radius. This 
stress 


A shearing stress g, is also produced by the resultant of the 
forces P and N where 


Be AEN) 


Uy ViiGeceee ee 


This stress acts in the same plane as q, and is added directly 
to it at the point where the two stresses act in the same direction. 
It is generally small and can be neglected in many cases. The 
sum of the shearing stresses produced by the torsional couple Mo, 
and the resultant of the forces P and N is 


a+aga=4 


The stresses at the A-end of the pipe are determined in the same 
manner. 

In addition to the stresses here enumerated, bending and 
shearing stresses are produced by the deadweight of the piping 
between hangers and supports. These stresses are to be in- 
cluded in the p;-stresses and the g-stresses of Equations [49], 
(51], and [52]. Their values depend on the arrangement of the 
points of support and are determined by usual methods. With 
proper design these stresses are generally small and in order not 
to lengthen the paper they are omitted in the present analysis. 


STRESSES IN THE BENDS 


The curved parts of the pipe require special treatment. The 
component couple acting in the plane of a bend produces a flatten- 
ing of the section, causing a peculiar distribution of the longitudi- 
nal stresses and the introduction of relatively high transverse 
stresses. The component couples normal to the plane of a bend 
produce twisting as well as bending, as previously described in 
cases I to IV. 

In the first bend, that is, the bend nearest the origin, the couple 
M, acts in the plane of the bend and has its maximum value as 
given by Equation [39a] in the section determined by Equation 
[40]. The stress in the middle surface of the section so deter- 
mined is generally a maximum, not at the top and bottom of the 
section, but at points the radius of which forms an angle @ with the 
neutral axis of the section as shown in Fig. 1. As explained on 
page 328 of the author’s paper “Tests on High-Pressure Pipe 
Bends,’’® the maximum value is found by applying a factor 8 
to the ordinary expression for the longitudinal stress, thus 


Pibmax = BUM max r/I) akeisiattoeme Sius ws [53] 
where 
6B = 2/3 K V [(6\2 + 5)/18] whend < 1.472 154] 
B = (12x? —2)/(1242 +1) whend 5 1.472) 
The value of ) is given in Equation [2], while the value of K is 
given in Equation [la]. 
Usually \< 1.472 and the maximum stress occurs at an angle 
6 from the neutral axis, such that 


sin 0 = v/[(6? + 5)/18].............. [55] 
and hence 
(3h Oa BEE NC ea oer. SORE [54a] 


When \ = 1.472, the maximum value of p,5 occurs at the top 
and bottom of the section. 
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The value of 6 varies little from unity except in thin-walled 
bends of sharp curvature, but 6 may be far from a right angle. 

The longitudinal bending stresses due to M,, given by Equa- 
tion [41], which act in a plane normal to that of the bend, have 
their maxima at the points which are in the neutral axis relative to 
M,, and since pismax due to Mzmax rarely falls at points less 
than 45 deg from the neutral axis, these maxima can be con- 
sidered separately. 

The steam pressure produces a longitudinal stress as given by 
Equation [47], while the reactions P and Q cause a normal stress 
on the transverse section 


Pie = (Psiny + Qeosy)/A........... [48a] 


The transverse stress due to the steam pressure is po. as given 
by Equation [50], but in addition there is a transverse bending 
stress p2 due to the flattening of the section with a maximum at 
6 = O deg, and 6 = 90 deg, as explained on page 340 of the author’s 
paper “Tests on High-Pressure Pipe Bends.’’> This latter stress 
is 

18 M,\r 


PS $428 1) 


In the outer surface this is a tensile stress, while at the inner 
surface at the neutral axis for M, it is a compressive stress, and is 
reversed in sign at the top and bottom of the section. Compared 
with the longitudinal stresses in the bend as given by Equation 
(53 ], the transverse stresses are very high, and bear a definite ratio 
to them. If uw be that ratio, then 


ee oe 81 
Pibmax (6? + 5)*/44/2 


For ordinary values of \, between 0.5 and 1.2, this ratio varies 
from 1.80 to 1.36, so that the transverse bending stress is on the 
average 60 per cent greater than the longitudinal bending stress. 

There is also a smaller compressive stress in the neutral axis 
due to the flattening of the section which reduces the tensile 
stress at the outer surface. It is expressed by 


_ 2Mr? (6 +1) 
Pie RTM 08-7) 


This equation is the same as Equation [25] on page 83 of the 
author’s paper “‘The Elastic Deformation of Pipe Bends.’’? 
Combining these stresses, the total transverse stress, which 
will generally be a maximum at the outer surface in the neutral 
axis, is 
3 Dap Fas =F Dace assed: os oe aes [59] 


The twisting moment M,, given by Equation [42], causes a 
stress, which at the outer surface is given by Equation [51]. 
The shearing force F’, causes a small shearing stress which gener- 
ally can be neglected. 

The stresses in the second bend are analyzed in the same 
manner. 


SrrRENGTH CRITERIA AND WORKING STRESSES 


Strength criteria and working stresses are among the most 
important and the most difficult of the pipe-line problems. The 
difficulty is enhanced by the recent increase in steam pres- 
sures and temperatures and by the use of new alloys of steel, with 
which experience is still very limited. The higher steam pres- 
sures produce hoop stresses which can no longer be neglected. 
At high temperatures the modulus of elasticity and the stress 
at the yield point are reduced considerably and this, as well as 
the peculiar nature of each particular alloy, must be taken into 
account in determining the working stress. 
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All the stresses so far discussed act in a plane tangential to the 
cylindrical surface through the point under consideration, and, 
in combining the stresses, we consider a small element in that 
plane. If there is no load on the element normal to its plane, 
we have the first order of a simple case of plane stresses. Refer- 
ring to Fig. 9, p: acts in the X-direction, pz in the Y-direction, 
and the shearing stress g acts on the sides of the element. 


Fie. 9 


If we take into account the radial stress p3, produced by the 
steam pressure P, we have three-dimensional stress. Actually ps 
is small, being equal to P at the inner surface and decreasing to 
zero at the outer surface of the pipe wall, but since it has been 
taken into account by some investigators, it will be included in the 
following discussion. 

For a state of combined stress several strength criteria have 
been proposed, but we shall only consider the maximum-shear 
theory and the strain-energy theory,’ of which the latter appears 
to be the most rational. Either theory leads to a certain func- 
tion of the component stresses, so determined that when it is 
equal in magnitude to the yield point of the material, plastic 
flow is supposed to occur. This function is referred to as the 
equivalent stress, which will be noted by p,,. It may or may not 
represent an actually existing stress, but it is clear that under 
working conditions the equivalent stress should be smaller than 
the stress at the yield point of the material. 

The Maximum-Shear Theory. According to this theory plastic 
flow of the material begins to take place when the maximum 
shearing stress reaches a certain magnitude, regardless of the state 
of stress. Hence, this stress, must have the same magnitude in 
the most general case as in the simple case when a straight bar, 
subject to uniaxial stress, reaches the yield point. 

In a state of plane stress, that is, when p; = 0, or when 9; is 
very small, the maximum shearing stress, expressed in terms of 
the ordinary component stresses, is in the general case 


Qmax = 3 V [4q? + (p1 — pr)?].... 


In a straight bar subject to a simple tension, g = 0, p2 = 0, and 
therefore gmax = p:/2. 
When 7p; reaches the yield point po, 


Equating the expressions for gmax aS given in Equations [60] 
and [60a], we obtain 


8 ‘Zur Theorie plastiche Deformation und der hierdurch im Mate- 
rial hervorgerufenen Nach spannungen,”’ by H. Hencky, Zeitschrift 
fur angéwandie Mathematik und Mechanik, vol. 4, no. 4, 1924, pp. 
323-334. 
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po = V/ (4g? + Ci —'ps)*) oo BL (61] 


The expression on the right-hand side of Equation [61] is the 
equivalent stress, and is expressed as 


Deg = V [4q? + (pi — pa)?]... 0. 162] 


which, if adopted as the working stress, should then be smaller 
than Po. 

If we take ps into account, we have three-dimensional stress 
and it is known that in such a case the maximum shearing stress 
is equal to one-half the difference between the greatest and the 
smallest of the three principal stress, denoted here by o1, 02, and 
o3. Let 0, > 02> 3) then 


Qmax = (o, — a3) /2 Pato Bia iA Hacwanty Gh 3 {63] 


Since there are no shearing stresses parallel with the plane of the 
element, p; is a principal stress, and therefore ps; = 03. The two 
other principal stresses are found from the formula 


1 

; =2(m+m) +2 V [4g + (pr: — p»)*] .... [64] 
o2 

The value of qmax from Equation [63] is now equated to its 
value expressed by Equation [60a] in order to obtain for the 
equivalent stress 


Peg = 01 — 03 = 3 (Pi + me) + 3 V/[4q? + (Pi — Pe)*] — Ds 
ee. [65] 


This value of the equivalent stress must be smaller than 7p. 
At the outer surface of the pipe o; = ps = 0, and p,, = «1 which 
may be greater than p,, as given by Equation [62] for plane stress. 

The Strain-Energy Theory. According to this theory, plastic 
flow occurs when the energy of pure deformation reaches a cer- 
tain limit, excluding the energy due to change of volume, regard- 
less of the state of stress. Where plane stress occurs, assuming 
p3 = 0, the energy of deformation per unit volume can be ex- 
pressed as 


w = (1/12G@) ((p.— pr)? + pr? + po?) + (1/2G)¢q? 


where pi, p2, and g are the total longitudinal, transverse, and 
shearing stresses, respectively, and G is the modulus of rigidity. 
Since w must be equal to the energy at the plastic limit under all 
conditions, it must also be equal to the energy in a bar under 
simple tension when the yield point is reached. Under these 
conditions pp = 0,q =0,and p; = po. Therefore 


w = po?/6G 
Equating these expressions for w, the yield point is found to be 
reached when 
po = V (pi? + p® — pips + 3q°) 
Thus the equivalent stress in this case is 
Deg= V (p:? + pa* — Dips + 8Q?) 6.2. 


which, in order to avoid plastic flow, must be smaller than po. 
If we can disregard q as being insignificant, p, and p. become 
principal stresses and Equation [66] takes the form 


Peq = V (pi? + po? — Pipr).....-...... [66a] 


If the transverse stress p2 can also be disregarded, we have the 
case of a simple longitudinal stress, where p,, = p:, and there- 
fore pi < Po. 

In three-dimensional stress, plastic flow will occur according 
to the strain-energy theory when 


(a1 — a2)? + (a2 — a5)? + (03 — a1)? = 2p? 


. (66) 
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Hence 
Pe = V (012 + 02? + 93? — ory - 


which should be made smaller than pp. 
and o2 can be found from Equation [64]. 
Tf o; is neglected 


— 6203 — a103).... [67] 


Here o; = ps, while 


Peq = Vo? aia a2? je 


which is identical with Equation [66a], as it should be, since in 
that equation p; = oi, and pz = on. 

The Working Stress. The yield point of the material will be 
used in this paper as the standard of reference, and it is suggested 
that under working conditions the equivalent stress determined 
by the strain-energy method as given by Equations [66] or [67] 
should be not greater than about one-half of the stress at the yield 
point, that is 


002) 


Dez 4 Do Loud deshels ¥ nel See: (68 ] 


In the author’s paper “Tests on High-Pressure Pipe Bends,” 
page 344, it was recommended, on the basis of a number of full- 
scale tests with pipe bends, to use the longitudinal stress at the 
middle surface of the pipe wall as strength criterion in the curved 
parts. It was suggested also that this stress, p: in Equation [49] 
should not be allowed to exceed 16,000 lb per sqin. This means 
that pis, the stress due to bending alone, should not be greater 
than 16,000 — (pis — Pic), but as previously shown, the transverse 
bending stresses due to flattening of the bends is much higher 
than pb and might thus become excessive. It was argued, how- 
ever, that these high stresses were strictly a local phenomenon; 
they occurred only within very limited regions of the inner and 
outer surfaces of the pipe wall, and did not seem to affect the 
general behavior of the pipe. Although that rule led to results 
which were in accordance with good engineering practice, it ap- 
pears advisable under more modern conditionsof pressure and tem- 
perature in all cases to use the equivalent stress as the strength 
criterion, as recommended previously. If this is done, the 
transverse stresses will be taken into account, not only in the 
straight parts of the pipe, but also in the bends. Possibly a 
somewhat higher working stress may be allowed in the bends than 
in the straight parts. 

These rules are believed to be conservative, but in view of 
recent rapid developments they must be regarded as suggestions. 
Before an accurate and fully reliable basis of design can be es- 
tablished, covering all modern conditions, there is required further 
practical experience over extended periods, and correlated with a 
theoretical analysis of the stresses. In any case it seems justifi- 
able, in determining the working stress, to take advantage of the 
higher yield point in alloy steels, while at the same time due ac- 
count must be taken of the reduction in the stress at the yield point 
and in the modulus of elasticity at higher temperatures. 


5—NUMERICAL EXAMPLE 


The numerical analysis for a three-dimensional three-arm pipe, 
in which the arms are at right angles to each other and con- 
nected by right-angle bends, as shown in Fig. 6, is here given to 
illustrate the application of the formulas presented in this paper. 
Both ends of thepipe are fixed in position and direction, and when 
steam is admitted, expansion takes place, not only of the pipe 
itself but also of certain parts of the machinery to which the ends 
of the pipe are attached. 

The pipe is made of alloy steel, has a modulus of elasticity of 
24 X 10° lb per sq in. at 850 F, and a yield point of approximately 
39,000 lb per sq in. at 800 F. The temperature rise in the pipe is 
assumed to be 850 F, at which the expansion of the pipe per inch of 
length 6 = 0.006088 in. Other dataare: Working pressure P = 
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400 lb per sq in.; outer radius of pipe 7, = 3.644 in.; inner radius 
of pipe r; = 3,403 in.; radius of middle surface r = 3.523 in.; 
thickness of pipe wall 2h = ¢ = 0.241 in.; sectional area of pipe 
wall A = 5.33 sq in.; moment of inertia of A about a diameter 
I = 33.14 in.4; and the radius of pipe bend R = 36.3 in. From 
these data it is found that 


d = tR/r? = 0.705 


and that 
K = (122 + 10)/(12 2 + 1) = 2.29 


From the dimensions given in Fig. 6, it is observed that H = 


145.2 in.; L, = 108.9in.; L, = 35.7in.; L = 108.3in.; L, = 
Ae Onn and 2 — (aac ils 
The dimensions for expansion are: H, = 156.1 in.; L, = 


96.8in.; and T, = 82.2 in. 

= 755.3; and EI Az, = 397.8. 
The coefficients A to F in Equations [31] to [36] are computed 

from the expressions in Equations [25] to [30]. 


Further, EJ Av, = 468.4; EI Ay, 


A sample calculation of the A-coefficients in Equation [25] 
gives 


3.612 R = 131.2 2L,? = 5930 
1.30 L, = 46.4 1.806 (L, + H)R. = 16,670 
L, = 108.9 1.150 R? = 15165 
B= 40.0 1.30 L,H = 6740 
L,H = 5956 

A; = 327.5 A; = 3T? = 2988 As = —36,810 


The other coefficients are found in the same manner from Equa- 
tions [26] to [80], inclusive, finally furnishing equations, for this 
illustration, in which the numerical values of the coefficients re- 
place the algebraic coefficients. The fundamental Equations 
[31] to [86], inclusive, for this numerical example can now be 
written with numerical coefficients, which are 


327.5 Mo, + 2988 Q —- 36,810 N = 0........[81] 
427.5 Mo, — 4223 P + 20,700 N = 0.. - 2. [82] 
407.1 Mo, + 47,330 P 135940. 0 = 0) 2. .. [33] 
421.0 My, + 26,060 Mg, —- 11,780 Mo, — 808,000 P 
+ 956,300 N = 468.4 x 108......... 34) 


~22,110 Mg, — 421.6 Mo, + 27,820 Mo, + 2,798,000 P 
— 336,500 Q + 2,382,000 N = 755.2 X 108....... 35] 


10,150 Mp, — 25,390 Mp, — 791,000 N = 397.8 X 10°... . [36] 


From Equations [31], [82], and [383], the couples can be ex- 
pressed in terms of the forces, and substituting these values in 
Equations [84], [385], and [86], we obtain Equations [37] with 
numerical coefficients, which are 


817.7 P — 407.3 Q — 257.7 N 
—439.1 P + 817.8Q— 83.1N = 
—2507 P — 92.6 Q + 157.9 N 


468.4 x 10? 
755.3 X 108 
397.8 103 


bee. lal 


from which the reaction forces P = 1729 lb, Q = 1916 lb, and N 
= 640 lb, are obtained. 

Substituting these values of P, Q, and N in Equations [81], 
(32], and [33] and solving for the couples, we obtain Mp, = 
+54,410 in-lb, My, = —13,800 in-Ib, and Mo, = — 135,400 in-lb. 

The reaction couples at A as determined from Equation [38] 
are 


Ma, = — (Mo, + QT — NH) = —109,590 in-lb 
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M4, = — (Mo, + NL— PT) = + 78,280 in-lb 
M4, = — (Mo, + PH — QL) = + 91,900 in-Ib 


A corrective calculation was carried out by substituting the 
values of the forces and couples at O just determined in the ex- 
pressions for the minor terms omitted in the rotation equations 
and adding the numerical quantities so found as constants on 
the left-hand side of these equations. Equations [34], [85], and 
[36] for the displacements were left unaltered, the minor terms 
having been included already. The solution of the six equations 
could now be obtained and were found to give values for the reac- 
tion forces and couples which differed from those previously ob- 
tained by less than 1 per cent, except that Mo, was —134,670 
in-lb, instead of —135,400 in-lb, i.e., about 2 per cent smaller. 

Another calculation was made by which the minor terms were 
omitted in all six fundamental Equations [31] to [86], inclusive, 
and again the results were practically the same. However, it is 
recommended to follow the method applied above, by which the 
minor terms are omitted in the rotation equations but included in 
the displacement equations. 


DETERMINATION OF STRESSES AT THE O-END 
From Equation [45] 
Mo = V (Mo, + Mo.2) = (54,4102 + 135,400?) 
= 145, 900 in-lb 


The longitudinal stress at the outer surface due to bending is 
obtained from Equation [46] 
pib = (Mor,/I) = (145,900 X 3.644) /33.14 
= + 16,040 lb per sq in. 
The longitudinal stress due to the steam pressure, from Equa- 
tion [47], is 
pie = Pr;/2t = (400  3.403)/(2 X 0.241) = +2825 1b per sq in. 


From Equation [48] is obtained the longitudinal stress due to 
end reaction, which is 


pic = Q/A = —1916/5.33 = —359 lb per sq in. 


Hence, the total maximum longitudinal stress at the outer 
surface, found by applying Equation [49], is 


Pi = pi + Dis + Pic = 16,000 + 2825 — 359 
= 18,500 lb per sq in. 
The hoop stress due to steam pressure, from Equation [51], is 
Pos = p2 = Pr;/t = 400 X 3.403/0.241 = 5650 lb per sq in. 


The shearing stress due to twisting moment, from Equation 
[51] is 


_ Moyry _ 13,880 X 3.644 
ue or ~ 2x 33.14 


= 763 lb per sq in. 


According to Equation [52], the shearing stress due to the 
reaction forces P and N are 

= a/(P?2 + N?) a/ (17292 + 6402) 
oe A a 5.33 
Hence, 


= 346 lb per sq in. 


q7=%+% = 763 + 346 = 1109 lb per sq in. 
The equivalent stress, according to the strain-energy theory 
is then found by applying Equation [66], where 
Peg = V (pi? + po? — pips + 397) = +/[18,500? + 5650? 
— (18,500 x 5650) + (3 X 1109)2] = 16,530 Ib per sq in. 
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According to the maximum-shear theory, Equation [62], 
the equivalent stress is p,, = 13,040 lb per sq in. 


Srresses aT THE A-END 
The resultant couple of M4, and M4, here denoted by M4, is” 
Mya = JM 4,2? + Ma,? = V/ (109,590? + 782802) 
= 134,700 in-lb 
The corresponding maximum stress is 
pib = Myr,/I = 134,700 X 3.644/33.14 = 14,810 lb per sq in. 


The longitudinal stress due to steam pressure is the same as at O, 
which is 2825 lb per sq in. The uniform longitudinal stress due 
to the compressive reaction N is 


pic = N/A = —640/5.383 = —120 lb per sq in. 
Therefore 
pi = 14,810 + 2825 — 120 = 17,500 lb per sq in. 
We have again 
2 = Pos = 5650 |b per sq in. 
The shearing stress due to the twisting moment is 


Mar, 91,900 X 3.644 
am Se Ee ee ab ING 
oan gee 2X 33.14 og ae Ree 


While the shearing stress due to the reaction forces at A is 


P2 2 
ip ae = Se lb pemesquns 


Therefore 
da = % +a, = 5052 + 484 = 5540 lb per sq in. 


and the equivalent stress, according to the strain-energy theory, 
Equation [66] becomes 


Pe = V (17,5002 + 5650? — (17,500 X 5650) + (3 X 5540?)] 
= 18,200 lb per sq in. 


This still falls below one-half the stress at the yield point, 
1) = 19,500 lb per sq in. 

According to the maximum-shear theory, Equation [62] 
Peq = 16,200 lb per sq in., which is again appreciably lower than 
according to the strain-energy theory. 

In most cases the direct stress pic and the shearing stress q, 
can be safely neglected as being inside the limits of accuracy of the 
computations. 

The stresses at O and A are greater than anywhere else in the 
straight parts of the pipe as can be ascertained by means of 
Equations [18], so that it remains only to investigate the stresses 
in the bends. 


STRESS IN THE First BEND 


In the first bend M, acts in the plane of the bend and is a maxi- 
mum when 


tan Ymax = P/Q = 1729/1916 = 0.902 
Therefore y = 42 deg 3 min. 


The maximum value of M, as obtained from Equation [39a] is 

Mymx = Mo, + PL, + R[-V(P? + Q*) — Q] 
135,400 + (1729 108.9) + 36.3 [+/(17292 + 1916?) 
— 1916] 


= 77,000 in-lb 
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The bending moment normal to the plane of the bend at any 
point S as obtained from Equation [41] is 


| M, = (Mo, — NL,) cos ¥ — (Mo, + NR) sin y 
which is a maximum when 


tan Vmax =< — Mov + NR _ _ —13,880 + (640 x 36.3) 
N oa MONT, 54,410 — (640 X 108.9) 


= 0.613 
Substituting this value in Equation [41] we find 
-M ymax = (—15,280 X 0.852) — (9360 X 0.523) = —17,900 in-Ib 
The twisting moment at S, according to Equation [42], is 
M, = (Mo, — NL,) sin Yy + (Mo, + NR) cosy — NR 
which is a maximum when 
tan Yimax = —1/tan Pomax 


This places the maximum outside the quadrant and we have 
to determine the value of M, where y = 0, andy = x/,. It is 
found that for y = 0, M, = Mo, = —13,880 in-lb, and for 
y = 7/2, M, = 38,520 in-lb. Hence, M, has its greatest value at 
D, and since M, has its maximum at y = 42 deg, and M, at 31!/. 
deg, and since they are all small or moderate as compared with 
the couples at A and O, it is unnecessary to consider any combina- 
tion of the three couples. It is of interest, however, to investi- 
gate the stress caused by M,max, which is found from Equation 
[53]. 

The maximum stress occurs at a point in the section, the radius 
of which forms a certain angle @ with the neutral axis. This 
angle can be found from Equation [55], in which \ = 0.705. 
Therefore 


sin 6 = +/[(2.982 + 5)/18] = 0.666 


and since K = 2.29, the value of 6 can be found from Equation 
[54a], where 


8 = 2/3 K sin@ = 2/3 X 2.29 X 0.666 = 1.017 


The maximum stress can now be determined from Equation 
[53], where 


Pib max = (1.017 X 77,000 X 3.523)/33.14 = 8320 lb per sq in. 


It is unnecessary further to peruse the study of the longitudi- 
gna stress in this case, since it is known to be much smaller than 


the transverse stress. From Equation [56] we have at the outer 
surface in the neutral axis 


18M)r___—-18 X 77000 X 0.705 X 3.523 


12.7 +1) ~— 33.14 (12 X 0.497 + 1) 
= 14,930 lb per sq in. 


Pod = 


The hoop stress 2s due to steam pressure was found previously 
to be 5650 lb persqin. The transverse compressive stress due to 
flattening, applying Equation [58], is 


2M,r? (642+1) 2X 77000 X 12.41 y. 3.982 
Ria (2 \2-}1) 9 Bases << 84 6.964 
= 910 lb per sq in. 


Hence, from Equation [59] the total transverse stress in the 
neutral axis is 


ps = 14,930 + 5650 — 910 = 19,670 lb per sq in. 


At the section where M,max is acting, there is a twisting 
moment as given by Equation [42]. With pmax = 42 deg 3 
min, we find after applying Equation [42] that M, = 26,520 in- 
Ib. Hence, a shearing stress is produced at the outer surface 
which, according toEquation [51], is found to be 


Myr, _ (26,520 X 3.644) 


4 = 1460 Ib in. 
QI (2 X 33.14) ate Ps 


% 
The equivalent stress in the neutral axis with p: = 0 and neg- 
lecting p3, from Equation [66] is 


Pe = AV (p2? ap 3q”) = / [19,6702 a iG) x 14607) | 
= 19,900 lb per sq in. 


which is a little more than one-half the stress at the yield point. 
The investigation of the stresses in the second bend are made 
in the same manner. 
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An Airfoil-Type Propeller Blower for 
Ventilating Electrical Machines 


By C. E. PECK! ano M. D. ROSS,? EAST PITTSBURGH, PA. 


The authors discuss the development of an airfoil-type 
propeller blower, the design of which was influenced by 
space limitations in connection with the motor-driven 
blower equipment for a 165,000-kw turbine-generator unit 
installed at the Richmond station of the Philadelphia Elec- 
tric Company. After the fan was designed, a model was 
built and tested before the full-size equipment was con- 
structed. The authors present performance data for both 
the model and the full-size blower. 


ance are frequently developed as a result of an effort to 

overcome certain difficulties in a particular commercial 
application. Space limitations in connection with the motor- 
driven blower equipment for a large turbine-generator unit 
brought about the development of the blower described in this 
paper. When the latest addition to Richmond station of the 
Philadelphia Electric Company was planned, it was decided to 
add a 165,000-kw turbine-generator unit. As the turbine-room 
structure was already in existence with space originally designed 
for four 50,000-kw units, it will be seen that the design of a 165,- 
000-kw unit to go in the space originally occupied by a 50,000- 
kw unit involved a careful use of all the available space. The 
specifications called for all blowers, air coolers, and air ducts 
to be located below the generator. The height of the space 
available for this equipment was fixed by the height of the 
existing turbine-floor level which was 28 ft 6 in. above the con- 
denser-floor level. The width of the space was limited on one 
side by a circulating pump and on the other by an elevated track. 
Space had to be provided to permit ready removal of air-cooler 
tubes. The specifications called for four motor-driven blowers, 
one of which was to be a spare unit. The generator required a 
maximum volume of 170,000 cfm. The calculated pressure drop 
in the generator air coolers and ducts was 12 in. of water. There- 
fore, the volume rating of each blower was to be 57,000 cfm. 

A study of the space available under the generator soon indi- 
cated that the usual types of blowers available would occupy too 
much space and would not fit in with any reasonable system of 
air ducts. Having had considerable experience with propeller 
blowers built on the shafts of turbine generators, it was decided 


Y EW types of apparatus of improved design and perform- 
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to undertake the development of a propeller-type blower of high 
speed and small dimensions to suit this application. 

Another requirement to be met by these blowers was that they 
were to be suitable for full-voltage starting control for the induc- 
tion motors driving them. As the generator would operate at 
all times with two or three blowers running in parallel, the blower 
characteristics had to be such that good parallel operation would 
be obtained. As the blowers were to be part of a closed ven- 
tilating system in which the air was returned to the generator 
after being cooled in finned-tube coolers, it was necessary to 
provide them with suitable intake ducts. Air leaving the genera- 
tor and entering the blower may reach a temperature of 150 F 
and some means had to be provided in the design to avoid exces- 
sive heating of the blower bearings with this high-temperature air 
adjacent to them. The speeds available for the blowers corre- 
sponded to the standard speeds for 60-cycle induction motors. 
The speed adopted was 3550 rpm. 


DESCRIPTION OF FULL-S1zE BLOWER 


The design of the full-size blower is shown in section in Fig. 1. 
The fan runner consists of eight aluminum-alloy blades dovetailed 
into aforged-steel hub. The fan runner is overhung on two sleeve 
bearings mounted in a common rigid cast-iron pedestal as shown 
in Fig. 2. The shaft and bearings were designed on the premise 
that no serious damage would occur to these parts in the event 
of losing one blower blade at fullspeed. The provision of a rigid 
shaft and pedestal contributed largely to the smooth running of 
the unit as a whole as found by test. The thrust varies with the 
back pressures against which the blower is working. In order 
to take care of the highest thrust obtained, a two-shoe Kingsbury 
thrust bearing was incorporated in the same housing as the journal 
bearing adjacent to the motor coupling. 

As the blower bearing losses amounted to something over 1 kw, 
a small centrifugal fan was mounted on the blower shaft to force a 
stream of air through passages under the oil chamber in the ped- 
estal, thus cooling the lubricating oil. This cooling air discharges 
into the space between the pedestal and the blower casing and 
effectively prevents heat from the casing affecting the pedestal. 
To provide circulation of the lubricating oil, a small oil pump is 
mounted on the outboard-motor bracket and connected to the 
blower pedestal by brass piping. 

Air from the generator enters the blower casing from the top 
through a hand-operated damper which can be closed when a 
blower is shut down with other blowers in operation. The blower 
casing is constructed of welded-steel plate sufficiently rigid to 
support the guide-vane and diffuser structure which is bolted with 
a flanged joint to the casing. Air enters the blower through a 
spun-aluminum intake nozzle, passes through the blower and then 
through the stationary guide vanes in the diffuser. The guide 
vanes are built up of aluminum castings. 


THEORETICAL DESIGN OF THE FAN 


The fan without guide vanes and diffuser was designed on the 
basis of the theory outlined in a paper by Dr. O. G. Tietjens.* 
Within certain empirical limits the proportions of the fan itself, 


3 “The Propeller-Type Fan,’’ by O. G. Tietjens, Trans. A.S.M.E., 
vol. 54, 1932, paper APM-54-13, pp. 143-152. 
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without guide vanes or diffuser, can be accurately predetermined 
for a given pressure and volume. Certain empirical limits ap- 
plied to the theoretical design had been found by means of con- 
siderable experimental investigation performed by H. C. Werner 
of the Westinghouse Research Laboratories on several different 
fans of the air-foil type. The guide vanes and diffuser add con- 
siderably to the capacity and efficiency of the fan. As a result, 
the theoretical design of the fan itself was based on 90 per cent 
of the required volume of 57,000 cfm per fan and 85 per cent of 
the required static pressure of 12 in. of water, which is approxi- 
mately 25 per cent lower than the required capacity. It was 
assumed that the diffuser would recover between 70 and 80 
per cent of the dynamic energy created by the fan in a direction 
parallel with the axis of rotation. In addition, it was assumed 
that the guide vanes would recover about 50 per cent of the 
rotational energy at the discharge side of the fan. How closely 
the tests verified these assumptions is discussed later. 

The fan blade has an airfoil cross-section of varying profile from 
hub to tip. The general shape is that of a cross-section of an air- 
plane wing having a flat side and well-rounded leading edge which 
is stable for large angles of attack. The blade width and angle 
with respect to a vertical plane gradually decrease from hub to 
tip. The fan contains eight blades so spaced at the hub that no 
overlapping exists. Mutual interference of one blade upon 
another was found to be very small with this spacing. 

In line with the theory outlined in Tietjens’ paper,? the follow- 
ing is a brief analysis of the factors to be considered in the theoreti- 
cal design: In designing a propeller fan the total pressure gener- 
ated by the fan multiplied by the volume rate of flow represents a 
certain power output. The volume rate of flow is equal to the fan 
area times the axial velocity through the fan. Hence, the power 
output is 


where A is the fan area, w is the axial velocity through the fan, 
p, is the total pressure (static plus dynamic), and T is the total 
force acting on the fan area and is called the thrust. In general, 
the problem reduces to that of designing a fan which will produce 
the total thrust corresponding to the required total pressure. 

From airfoil and propeller theory, the thrust depends on the 


Cross-SECTION ASSEMBLY OF THE FULL-SizE UNIT 


magnitude and distribution of the aerodynamic circulation around 
the blade. This may be given by the relation 


dP =" (no Tra) dre. see eee {2] 


where dT is the incremental thrust at a point corresponding to 
radius r on the blade, I is the circulation, » is the angular 
velocity of the fan, m is the number of blades, and p is the air 


Fig. 2 Fan RuNNER AND BHARING OF THE AIRFOIL BLOWER 


density. It has been shown theoretically that the pressure rise 
through a propeller fan and, hence, the thrust, can only be ob- 
tained by the creation of a rotational-velocity component which 
can be clearly observed at the discharge side of the fan. The 
circulation and rotation are related to the blade dimensions at 
radius 7 by the equation 


in which C, is the coefficient of lift of the blade at the air-foil cross- 
section corresponding to the radius r; 6 is the width of the blade; 
and v is the velocity of air relative to the blade. The relation be- 
tween v and the axial velocity through the fan and the peripheral 
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speed at the radius r and the rotational component at the radius r 
is shown geometrically in Fig. 3. The angle of attack a is neces- 
sary to produce the required lift at radius 7, and a + @ is the angle 
at which the blade is located on the hub. 

The fundamental definition of the term circulation is given by 
the relation of the quantities defined in Equation [3]. Physi- 
cally, the circulation is an idealized component of the actual flow 
around an airfoil which can be represented by the streamlines 
completely traversing the airfoil in a rotating manner. A de- 
tailed explanation of the meaning of circulation is given by 
Prandtl-Tietjens.4 

If the circulation were assumed constant over the entire blade 
area in Equation [2], the thrust would vary directly with the 
radius only, and the total thrust could be obtained by analytical 
integration of Equation [2]. However, with constant circula- 
tion the portions of the blade at the smaller radii are worked at 
relatively high outputs and the rotation losses become much 
higher than if the circulation were decreased with decreasing 
blade radius. It is possible to have constant circulation over 
the blade area without large rotation losses if the hub diameter is 
made large relative to the outside diameter, which has the effect 
of increasing the outside diameter. For a given required total 
thrust, a compromise is reached between the size of hub relative 
to outside diameter. 

The circulation distribution is decreased toward the hub in 
such a way that rotation losses are reduced to a value consistent 
with high efficiency. The fan considered in this paper would have 
had 45 per cent more rotation loss if the circulation had been con- 
stant over the blade area, which is equivalent to a reduction of 5 
per cent in the fan efficiency. The ratio of hub diameter to out- 
side diameter was 0.4. This rotation loss is the component of 
energy at the fan discharge which lies in a plane perpendicular to 
the axis of rotation of the fan. The dynamic energy is the axial 
component of the energy at the fan discharge. 

Table 1 gives the important constants of the fan referred to in 
these tests. The volume and pressure are for the fan itself with- 


TABLE 1 PRINCIPAL CONSTANTS OF THE AIRFOIL 
PROPELLER BLOWER 
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out guide vanes or diffuser at the calculated design point which is 
also the point of maximum efficiency. 

The ratio of dynamic head to total head is an important con- 
stant for the propeller-type fan because if this value is made too 
low, such as 0.10 to 0.15, the application of airfoil theory to the 
fan design begins to become inaccurate because the nature of the 
flow around the blades is changing due to centrifugal effects 
caused by the air rotating much faster at the lower-volume points. 
Values of the ratio between 0.20 and 0.30 have been found satis- 
factory from the standpoint of performance and efficiency. 


Description or Moprt-Trsst Set-Up 


The model was built about one-quarter size and geometrically 
similar to the proposed full-size application in all the important 
details including the inlet box, inlet guides, and diffuser. The best 


4 “Applied Hydro- and Aeromechanics,’’ by O. G. Tietjens, based on 
lectures of L. Prandtl, McGraw-Hill Book Company, Inc., New 
York, 1934. 


FSP-57-13 419 
proportions of such parts as the guide vanes and diffuser as 
determined from the model tests were incorporated in the final 
full-size unit with exact geometric similarity. 

A schematic diagram of the model-test set-up is shown in Fig. 4. 
The fan draws air through a long gradually diverging inlet duct 
at the entrance of which is located a flow nozzle for measure- 
ment of air volumes. The inlet duct is fastened to the side of the 
inlet box of the fan. The fan discharges air directly to the room 
or into the diffuser and guide-vane arrangement. The fan shaft 
extends through the inlet box and is coupled to a 1/2-hp electric 
dynamometer used to measure the power input to the fan and 
also drive the fan. The duct ahead of the flow nozzle was pro- 
vided with a well-rounded entrance in the form of a one-piece 
smooth spun-copper ring. Between this ring and the duct 
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Fig. 4 Diacram or Test ARRANGEMENT FOR THE MopDEL 
BLOWER 


flange, screens were placed in order to vary the pressure-volume 
delivery of the fan. 


MEASUREMENTS 


The volume of air was measured by means of a flown ozzle 
made of smooth spun copper. The proportions of the nozzle 
were similar to one of those built by the Bureau of Standards and 
calibrated for use in calibrating orifices. An average nozzle 
coefficient of 0.980 was used. The pressure drop across the 
nozzle was measured by means of eight accurately constructed 
static-pressure taps on the inlet and discharge sides of the flow 
nozzle. The pressure drops were measured on an inclined ma- 
nometer the scale of which was such that errors were within !/, 
per cent for normal fan delivery. 

The static pressure developed by the fan was measured by 
means of taps in the top corners of the inlet box. The average 
velocity to the inlet box was about 500 fpm which is low enough 
to introduce negligible error in the measurement of static pres- 
sures from '/; to 2.5 in. of water found in the model tests. 

The power input was measured by means of a dynamometer 
arrangement consisting of a 4/:-hp direct-current motor used to 
drive the fan. The stator of the dynamometer was suspended in 
ball bearings and equipped with a lever arm and scale pan. 
The torque reaction was measured by balancing it against weights 


5 “Discharge Coefficients of Square Edged Orifice for Measuring 
the Flow of Air,” by H. 8. Bean, E. Buckingham, and P. S. Murphy, 
Bureau of Standards Journal of Research, March, 1929, pp. 568-652. 
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placed in the scale pan mounted on the lever arm. Speed was 
maintained at a given value by using current supplied from a 
separately excited direct-current generator driven by a single- 
phase alternating-current motor. The sensitivity of the sus- 
pension was such that the average input of 1/4 to !/3 hp could be 
checked within 1 per cent. Extreme care was exercised to 
obtain accurate results. Checks were obtained by means of 
repeat runs after a considerable time interval. All data were 
corrected to the standard air density of 0.07488 lb per cu ft. 
On repeat runs, the pressure multiplied by the volume and 
divided by the power input which measures the fan efficiency 
could be checked within 2 per cent. 


Mopet Trsts anD Trst RESULTS 


Tests on Fan Itself. In all of the model tests made, the intake 
box was in place. All of the model data have been expressed in 
terms of the values for the full-size unit. The results of the tests 
of the fan itself without guide vanes or diffuser are shown in Fig. 
5. The test-performance curve checks closely with the working 
point for which the fan was designed. The static efficiency of 56 
per cent at the working point is the approximate maximum static 
efficiency. The total efficiency of the fan itself without guide 
vanes or diffuser is about 75.8 per cent and is based on the static 
pressure plus the dynamic pressure corresponding to the aver- 
age axial-velocity component of the air at the fan-discharge 
area. The difference between 100 per cent and the total efficiency 
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PERFORMANCE CURVES OF THE FAN ALONE 


(Performance with inlet-box baffles removed is shown by dashed lines 
while performance with baffles in the inlet box is shown by solid lines.) 


Fig. 5 


is a measure of the sum of the fan losses expressed in terms of 
per cent efficiency. A detail discussion of the magnitude and dis- 
tribution of these losses is given later. 

The solid curve in Fig. 5 represents the performance with the 
intake box in which were placed two vertical baffle plates diametri- 
cally opposite. These plates were fitted around the curved inlet 
guide which is part of the fan housing. With these plates in 
place, the pressure characteristic was rising with decreasing 
volume which is a necessary property for satisfactory operation 
of two or more fans in parallel. When the plates were omitted 
from the intake box, the pressure characteristic assumed the 
“hump” shape which is represented by the dashed line in Fig. 5. 
This shape is not suitable for parallel operation. The perform- 
ance with and without the plates was the same at the higher- 
volume points and in the region of the desired working point. 
The “hump” shape is caused by the air whirl induced in the inlet 
box which becomes large enough in magnitude at the lower 
volumes’ to reduce the statie pressure considerably below the 
values obtained when no such whirl is present. 


‘The flat portion on the fan curve is characteristic of the pro- 
peller-type fan. From a theoretical standpoint, this sudden 
change in the slope of the pressure characteristic is caused by too 
large an angle of attack on the blade section. From airfoil 
theory, as the angle of attack increases, a point is reached at which 
the lift becomes a maximum and any further increase in angle of 
attack results in a sudden decrease in the lift, the flow conditions 
around the blade becoming unstable. In the propeller fan, as the 
axial velocity through the fan decreases the angle of attack at a 
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ONLY 


(Performance with very close clearance between the housing and fan is 
shown by dashed lines while the performance with a clearance of 1.25 per 
cent of the fan housing is shown by solid lines.) 


given point on the blade section increases until a point is reached 
where the angle of attack has reached a value corresponding 
to the maximum lift. Beyond this point the decrease in lift 
which takes place on a wing section is replaced in the propeller- 
fan blade by centrifugal action. Thus, at the point where the 
pressure characteristic flattens out, the airfoil theory no longer 
holds. 

Tests With Diffuser and No Guide Vanes. The performance 
curves for the fan with diffuser and no guide vanes are shown in 
Fig. 6. A large gain in efficiency results when the diffuser alone 
is used. In this particular fan, a reasonably large gain using a 
diffuser alone may be expected because approximately 20 per cent 
of the fan power input is necessary to create the axial component 
of the dynamic energy present at the fan-discharge area. Of this 
20 per cent, 3.2 per cent represents the axial component of the 
dynamic energy at the discharge area of the diffuser. The change 
in static efficiency of the fan from 56 to 66 per cent with the 
diffuser and same housing clearance in each case indicates that the 
diffuser recovered about 60 per cent of the available dynamic 
energy between the entrance and exit of the diffuser. Since no 
guide vanes were present to straighten the rotating air, the 80 
per cent conversion of axial dynamic energy to static energy which 
is to be expected with a good diffuser could not be obtained. A 
test made with the center cone of the diffuser removed reduced 
the static efficiency from 66 per cent to 64 per cent. 

Guide-Vane Model Tests. The proportions and angles of the 
guide vanes were determined by a set of tests. It was found 
that flat-plate vanes twisted so that the angle varied from the 
hub to tip gave but a small increase in static efficiency. The plate 
shape is much more sensitive to the direction at which the air 
leaving the fan strikes the vane than the blunt-nose airfoil-shaped 
vane. ‘The air leaving the fan strikes the airfoil vane at a certain 
angle of attack. With the blunt-nose airfoil-shaped vane, the 
angle of attack may vary as much as 10 to 12 deg before the air 
flowing around the vane tends to “‘break”’ away from the vane 
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surface. At the “break” point the vane no longer acts as a guide 
to straighten the air flow from the rotational direction to the axial 
direction, but acts instead as an obstruction. The approximate 
angles at which the air was discharged from the fan were measured 
from hub to tip by means of a thread and protractor. From these 


Fig. 7 Tue Dirruser AND GuIDE VANES OF THE BLOWER 


data several sets of airfoil-shaped vanes with various angles of 
twist were made and tested. It was found that the vane which 
gave the largest increase in static efficiency near the desired fan 
working point was set within about 5 to 8 deg of the theoretical 
discharge angle corresponding to the calculated rotation of the 
fan. 

The number of guide vanes was varied and it was found that 
when less than six vanes were used the gains in efficiency were 
reduced, probably due to the lack of sufficiently close spacing be- 
tween vanes to provide the required guiding action. Both the 
six-vane and eight-vane arrangements gave about the same ef- 


ficiency. The six-vane arrangement was used on the final full- 
size unit. The guide vanes mounted in the diffuser are shown 
in Fig. 7. 


Fut Sizz Trests AND RESULTS 


Description of Test Set-Up and Method of Test. The full-size 
unit assembled with inlet box and diffuser is shown in Fig. 8. 
A large discharge box was built at the discharge of the diffuser. 
A portion of this box can be seen in Fig. 8. On the roof of the 
discharge box, five stacks, each with a different discharge area, 
were constructed and used as flow nozzles. Various volume 
points on the performance curve of the fan were obtained by 
closing different combinations of the stack openings. 

The air enters the inlet box from above and passes through the 
fan and diffuser to the discharge box. A large screen with a 
cheese-cloth covering is located in the discharge box just beyond 
the diffuser outlet. This serves to break up the velocity head of 
the air leaving the diffuser and thus provides uniform inlet condi- 
tions to the nozzles. 

The air volume was measured by making a pitot-tube traverse 
at the exit of each nozzle. In order to investigate the air distribu- 
tion in each nozzle and obtain an accurate average, a large num- 
ber of pitot-tube readings were taken. The air distribution 
was found to be reasonably uniform and the direction of the air 
was essentially parallel with the axis of the nozzle. These condi- 
tions made it possible to measure the air volume very accurately. 
The use of the large discharge box and screens eliminated any 
errors which might be present due to pulsating flow conditions. 
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The static pressure generated by the fan was measured in the 
discharge box after the air had passed through the screen. At this 
point the air velocity was very low and thus an accurate measure- 
ment of static pressure could be obtained. 

The fan is driven by a 3600-rpm induction motor. The power 
output of the motor was accurately obtained by means of a special 
calorimeter-test method which will not be described here. This 
method of test eliminated the uncertainty of the magnitude of 
the load loss which in this case was enough to affect the fan 
efficiency by approximately 2 per cent. 

Test Results. The results of the test on the full-size fan with 
guide vanes and diffuser are given in Fig. 9. The performance 
includes the effect of the inlet box. The power input to the fan 
includes the loss in the thrust bearing which is of the order of 1.5 
kw. The model tests with similar guide vanes and diffuser 
checked the full-size performance closely. The maximum static 
efficiency on the model was 77 per cent. The maximum static 


Fig. 8 Test ARRANGEMENT OF THE ASSEMBLED FULL-SIZE 
BLOWER UNIT 
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Fie. 9 PrRFORMANCE CuRVES oF THE Fuut-Sizp Unit WITH 
Gutpr VANES AND DIFFUSER 


efficiency on the full-size unit was 78.5 per cent, including the loss 
due to the fan thrust bearing. The close check between the tests 
of the model and full-size unit indicated that the different methods 
of test used on the model and the full-size unit were satisfactory. 
The total efficiency of the unit with guide vanes and diffuser 
based on the static pressure plus the axial dynamic pressure at 
the diffuser discharge is 82.5 per cent, including the effect of the 
inlet-box and thrust-bearing loss. 
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Clearance Between Fan and Housing. The model tests demon- 
strated the importance of the clearance space between the out- 
side fan diameter and the surrounding housing. Fig. 6 shows 
performances ascertained from two tests, one with a clearance 
between fan and housing of 1.25 per cent of fan radius, and the 
other with a very small clearance obtained on the model by mold- 
ing a layer of modeling clay to the inside of the housing and scrap- 
ing the excess off by running the fan in the housing. With this 
type of fan, an appreciable gain in efficiency results when clear- 
ances are close. The axial width of the eight-bladed fan at the 
blade tip is about 24 per cent of the radial height of the blade. 
The small axial width compared to the blade height may be linked 
with the sensitivity to clearance. The clearance between the 
blade tip and housing for the full-size unit is 0.163 per cent of the 
outside fan radius. In the test shown in Fig. 5, the efficiency of 
the fan itself was raised from 57 per cent to 61 per cent when an 
extremely small clearance was used. 


CALCULATED LOSsES AND EFFICIENCIES COMPARED TO 
TzEsts 


The losses in a propeller fan may be classed under the two head- 
ings of recoverable and non-recoverable losses. The non-recover- 
able losses are those which originate in the fan itself and are called 
the drag losses. It is equivalent to the drag loss on an airfoil and 
is due to the fact that each blade element in producing a certain 
lift must overcome a certain drag due to friction and the nature of 
the flow around the airfoil. 

The recoverable losses consist of the energy in the air at the dis- 
charge side of the fan. This energy is conveniently resolved into 
two components, namely, the rotational-velocity component 
which lies in a place perpendicular to the axis of rotation, and the 
axial-velocity component which is parallel with the axis of rota- 
tion of the fan. 

Table 2 gives the magnitude of these various losses expressed 
as per cent of energy input to fan at working point of fan itself. 
(For point of maximum efficiency see Fig. 5.) Table 2 shows 
which losses limit the efficiency of the fan. The agreement be- 
tween the calculated and test values of static efficiency indicates 
that the magnitude and relative apportionment of the total 
losses into their various parts is approximately correct. 

A study of Table 2 makes the following points worthy of note. 


TABLE 2 CALCULATED LOSSES AND EFFICIENCIES, 
PER CENT OF FAN INPUT 


Fan with 
guide vanes 
Fan and 
Item alone diffuser 
(a) Drag loss, not recoverable..............-45. 13.3 13.3 
(b) Rotational-loss component.............-..5 9.3 EY hed 
(c) Axial dynamic-energy component........... 20.0 3.46 
(d) Energy at diffuser exit, not recoverable...... 0 S22 
(e) Total losses, Items a + d, not recoverable... 13.3 16.5 
(f) Total losses, Items b + c, recoverable....... 29.3 Ufo 
(g) Total losses, Itemsa +b +c+d.......... 42.6 23.6 
Calculated static efficiency (100 — Item g).. 57.4 76.4 
Test static efficiency. = en wis cee ca eenieies ole 56.5 78.5¢ 


@ Assumed 60 per cent recovered. 
+’ Assumed 80 per cent recovered. ; 
¢ Approximately 1 per cent low because of bearing loss. 


If all of the recoverable losses were recovered, the maximum 
efficiency of the fan would be 86.7 per cent. The approximate 
percentage of losses recovered by means of the guide vanes and 
diffuser amounts to 75 per cent of the recoverable losses. The 
largest component of loss is the axial dynamic component which 
explains in part why the diffuser alone without the guide vanes 
gave a large increase in the static efficiency. 


NoisE 


No complete investigations of noise levels were made but some 
comparisons indicated that the noise level of the fan would add 
little, if any, to the general noise level of the power station. 
These comparisons are based on the fan operating on the test. 
floor where the intakes were open, but in the actual application 
the fan is part of a completely enclosed system. 


SUMMARY 


The results of designing, building, and testing a fan of this type 
bring out the following possible advantages: 


1 Within certain limits the performance and design propor- 
tions can be predetermined accurately. 

2 From a mechanical standpoint, the propeller is particularly 
adaptable for high speeds. 

3 The intake box has little effect on the fan performance. 

4 For the pressures and volumes used in this application, the 
size of the unit is reasonably small. 

5 The fan efficiency is high. 
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Progress Report on Cavitation Research at 


Massachusetts Institute of Technology 


By J. C. HUNSAKER,! CAMBRIDGE, MASS. 


This paper, a second progress report on the study of the 
nature of hydraulic cavitation being conducted at M.I.T., 
is continued along the lines reported in the first paper pub- 
lished in Mechanical Engineering, April, 1935, and dis- 
cusses information obtained regarding the relation be- 
tween frequency of vapor collapse and the controlling 
variables. The current work tends to confirm that pre- 
viously reported. A new method for the study of resis- 
tance to cavitation attack is described. 


N THE present work on hydraulic cavitation it is found that 
the coefficient fL/V remains substantially constant, not only 
for geometrically similar venturi-type nozzles but also for all 

nozzles having the same exit flare. 
In the coefficient term fL/V, f is the 
frequency of collapse, L is the length 
of cavitation volume, and V is the 
velocity at the nozzle throat. Rey- 
nolds’ number does not appear to 
control matters, possibly because 
the range for variation of Reynolds’ 
number in the tests is not very great, 
but more probably because the flow 
is inherently turbulent and viscosity 
effect cannot be important. How- 
ever, the relation fL/V can only 
be determined when cavitation is 
well developed and Z is of substan- 
tial magnitude. 

Further work has confirmed the 
opinion that the damage to sur- 
faces caused by cavitation is severe 
only when the collapse is noisy, 
violent, and regular. For such fully 
developed cavitation the frequency 
When cavi- 
tation is not well developed and ZL 
is but one or two throat diame- 
ters, the frequency observed is highly irregular, severe shocks 
are infrequent or absent, and damage to walls is very slight. 


1 Head of Mechanical Engineering Department, Massachusetts 
Institute of Technology. Mem. A.S.M.E. Dr. Hunsaker was 
graduated from the United States Naval Academy in 1908 and re- 
ceived his M.S. degree from M.I.T. in 1912 and D.Sc. degree in 
1916. From 1909 to 1926 he was an officer in the U. S. Navy, but 
during this period served as instructor of aeronautic engineering at 
M.I.T. from 1912 to 1916. From 1916 to 1923 he was in the Navy 
Department, Washington, D. C., in charge of aircraft design. From 
1923 to 1926 he was Assistant Naval Attaché at London, Paris, 
Berlin, and Rome. He was appointed assistant vice-president of 
the Bell Telephone Laboratories in 1923 which position he held until 
1926 when he became vice-president of the Goodyear-Zeppelin Cor- 
poration. He assumed his present duties in 1933. 

Contributed by the Hydraulic Division for presentation at the 
Annual Meeting of THe Amertcan SocreTy oF MecHANICAL EN- 
GtneERS to be held in New York, N. Y., December 2 to 6, 1935. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until January 10, 1936, for publication at a later date. 


Fie. 1 Leap Disx 5/3 In. Diameter AFTER 0.5-MIN 
OscILLATION IN CALCIUM-CHLORIDE SOLUTION 


Wall damage also appears to depend on the abolute size of 
the nozzle used, or the energy available in the cavitation volume, 
since tests with small nozzles, geometrically similar to large ones 
produced little or no damage even when cavitation conditions 
appeared to be similar. 

When the exit flare varies more or less from 21 deg, the fre- 
quency of cavitation collapse is irregular, severe shocks infrequent 
or absent, and damage slight regardless of the length of cavitation 
volume for equal throat velocities. 

The conclusion from the current work is that cavitation of a 
type to cause severe damage requires, probably, some unique 
combination of variables, of which exit flare or profile shape 
appears to be important. Therefore, a technique for the quanti- 
tative measure of the severity of 
cavitation damage is required. In 
this connection exposure of test 
medallions of metal has proved of 
interest. The determination of 
weight loss against time of expo- 
sure, however, does not give a suit- 
able numerical measure of the se- 
verity in a reasonable time. Lead, 
for example, may be severely dam- 
aged without showing appreciable 
loss of weight. However, it is found 
that properly cured cement will 
progressively lose weight under cavi- 
tation attack and it is planned to 
report tests of various cavitation 
conditionsin terms of a scale based 
on loss of weight of cement. 

The severity of cavitation not 
only depends on the type of cavi- 
tation but must also depend on the 
liquid, and especially its density and 
vapor pressure. However, it is im- 
practical to repeat the hydraulic ex- 
periments with other liquids. 

It is known, however, that high-frequency vibration of a 
submerged diaphram, such as is used in submarine signaling, can 
produce cavitation and damage. An apparatus, similar to that 
described by Gaines? for oscillating a nickel tube at high frequency 
by magnetostriction effect was used to oscillate °/s-in. disks of 
lead and cement with a frequency of about 8500 cycles per sec 
through an amplitude of about 0.01 mm. 

Tests are being made with a number of common liquids of 
widely different physical properties. Tests of lead disks in water 
or in a calcium-chloride solution show vastly more damage than 
when tested in alcohol or in carbon tetrachloride. Presumably 
the high vapor pressure of the latter liquids accounts for this. 
The appearance of the damaged surface of the lead is identical 


2 “A Magnetostriction Oscillator Producing Intense Audible Sound 
and Some Effects Obtained,’’ by N. Gaines, Physics, vol. 3, no. 5, 
1932, pp. 209-229. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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Fic. 2. Leap Disk 5/s In. Diameter AFTER 6 MIN OSCILLATION 


IN CaLcIuM-CHLORIDE SOLUTION 


Cross-SECTION OF THE Disk SHOWN IN Fic. 2 


Fie. 3 


with that observed on lead exposed to hydraulic cavitation in the 
original apparatus. However, the damage to lead is not con- 
sistently measured by loss of weight and the tests are being re- 
peated with cement disks. The results of these tests will be re- 
ported later. 

It is found that either with lead or with cement, appreciable 


Fie.4 Crment Disk 5/s IN. DIAMETER AFTER 1.2 Mtn OSCILLATION 
IN WATER 


damage is done in one minute and a test can be completed in 
less than 10 minutes. Fig. 1 shows the surface of a lead disk 
after oscillation of one-half minute duration in saturated 
calcium-chloride solution. Figs. 2 and 3, the latter a cross-sec- 
tion of the disk in Fig. 2, show a disk similar to the one in Fig. 1 
after six-minutes exposure. It will be noted that material on the 
surface is displaced plastically and not lost. On the other hand, 
a cement surface is not displaced plastically and damaged parti- 
cles are washed away. Fig. 4 shows the appearance of a cement 
disk after 1.2 min exposure to oscillation in water. 

This new method of high-frequency oscillation permits a 
rapid estimation of the relative resistance to cavitation damage 
of various materials of construction. Likewise the method lends 
itself to a fundamental study of the influence of the properties of 
the liquid on cavitation damage. To oscillate a sample in a 
beaker of fluid for a few minutes is much cheaper and quicker 
than to run hydraulic cavitation tests. 
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Progress in Cavitation Research at 


Princeton University 


By LEWIS F. MOODY?! ann ALFRED E. SORENSON,? PRINCETON, N. J. 


The authors describe test apparatus and an experi- 
mental method used to determine the critical point of 
cavitation, or cavitation limit, of liquids flowing in a 
closed system as caused by the formation of vapor-filled 
cavities in the system. The experiments here described 
were directed to determine the cavitation limit, at which 
cavitation begins, and not to ascertain the consequences 
of maintained cavitation. The authors show that the 
‘experiments give results entirely consistent with the cavi- 
tation principle as now generally applied. 


THe PROBLEM OF DETERMINING THE CayiTATION Liuir 


S THE effective head causing flow through a hydraulic 
apparatus is increased, the velocity head at any point in 
the system increases correspondingly and this increase in 

velocity head entails a compensating reduction in pressure head. 
This relation holds until the absolute pressure at some point in 
the system reaches the vapor pressure of the liquid, below which 
it cannot go while liquid remains present. Any further increase 
in the effective head merely produces boiling, the conversion of 
part of the liquid into vapor. When this occurs the principle 
of continuity of flow then fails to apply and a marked change in 
the performance of the apparatus occurs. The production of 
vapor-filled cavities in the flowing liquid is what is meant by 
the term cavitation. The consequences are an interconnected 
pressure pulsation and condensation and reevaporation of the 
vapor pockets constituting a series of explosions, or more strictly 
implosions, with resulting mechanical vibration and pitting of 
the conduit walls. The experiments here described were directed 
to determine the critical point or cavitation limit, at which cavi- 
tation begins, and not to ascertain the consequences of maintained 
cavitation. 

The principles governing the incidence of cavitation in hy- 
draulic machines such as turbines and pumps were analyzed and 


1 Professor of Hydraulic Engineering, Princeton University, 
Princeton, N. J., and Consulting Engineer, Baldwin-Southwark 
Corp., Philadelphia, Pa. Mem. A.S.M.E. Professor Moody was 
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engineering at the University of Pennsylvania, 1902-1903; engineer 
in charge of tests, and designer and engineer in charge of construc- 
tion for the I. P. Morris Company, 1904-1908; professor of hy- 
draulic engineering at Rensselaer Polytechnic Institute, Troy, N. Y., 
1908-1916; construction engineer, I. P. Morris Company and suc- 
cessors, 1911 to date; and professor of hydraulic engineering, Prince~ 
ton University, 1930 to date. 

2 Assistant Professor of Engineering, Princeton University, 
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ated from Rensselaer Polytechnic Institute in 1924 with an M.E. 
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cepted until January 10, 1936, for publication at a later date. 
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formulated by one of the authors at the Hydroelectric Conferences 
of 19223 and 19254 in Philadelphia and by D. Thoma at the First 
World Power Conference in 1924 at London,® and need not be re- 
peated here. The use of Dr. Thoma’s simple and convenient 
expression for the criterion of cavitation has become well stand- 
ardized and will be adopted here. The relation is o = (H,—H,)/H, 
in which H is the effective head producing flow through the sys- 
tem; H, is the height of a water barometer or the atmospheric 
head minus the vapor-pressure head, that is, H, = H, — Webes 
H, is the elevation of the point where cavitation begins above the 
free-water surface under static conditions such as the tail-water 
surface in the case of a turbine or pump; and a is a coefficient 
which is a constant for a given apparatus. The relation is not 
limited in application to machines having moving parts, but is 
equally applicable to stationary conduits. 

Questions have been raised as to the validity of this relation, 
and it has been stated by J. C. Hunsaker® in reporting on experi- 
ments on a special profile that ‘‘Experience with the profile shows 
that cavitation commences at pressures much higher than the 
true vapor pressure.’’ (The authors suggest that the pressure 
here referred to may not have been that at the point of lowest 
pressure; also, that separation of air may be distinguished 
from true cavitation due to separation of condensable vapor.) 
It must be admitted that although the derivation appears to 
be based on logical deduction and its use in turbine practice 
seems to be satisfactory, nevertheless it is desirable to obtain 
direct experimental evidence of its validity or non-validity. 

In the experiments here described, the formula was applied to 
a stationary conduit of simple form, namely a small venturi meter, 
in which the throat section can be relied upon to give good ve- 
locity distribution without curvature of the flow lines and to pro- 
vide a piezometer location which may reasonably be expected to 
record the lowest pressure in the system. To avoid a varying 
elevation of the region of cavitation the conduit was kept hori- 
zontal. The entrance and discharge diameters were the same, 
so that the effective head producing flow was merely the difference 
in pressure heads, requiring no velocity-head corrections. 


Tue Meruop APPLIED 


As an indication of the performance of the apparatus, the 
authors used a ratio of heads representing the efficiency of con- 
version of velocity head into pressure head in the diffuser, or 
enlarging tapered section; that is 


€ = (hps — hpo)/(hpr — hp») 


in which hy, hy, and hp; are the pressure heads at entrance, 


3“‘The Hydraulic Turbine in Evolution,’”’ by H. B. Taylor and 
L. F. Moody, Engineers and Engineering, Engineers Club of Phila- 
delphia, vol. 39, July, 1922, pp. 241-259. 

4 “Inter-Relation of Operation and Design of Hydraulic Turbines,”’ 
by F. H. Rogers and L. F. Moody, Engineers and Engineering, Engi- 
neers Club of Philadelphia, vol. 42, July, 1925, pp. 169-187. 

5 ‘Experimental Research in the Field of Water Power,” by D. 
Thoma, Transactions, First World Power Conference, London, 
1924, vol. 2, pp. 536-551. 

6 ‘Cavitation Research at M.I.T.,”’ by J. C. Hunsaker, Mechanical 
Engineering, vol. 57, April, 1935, pp. 211-216. 
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throat, and discharge, respectively, expressed as heights of water 
column above the centerline of the conduit, and e is the effi- 
ciency of the diffuser based on pressure heads (without introduc- 
ing the small velocity heads at entrance and discharge). This 
ratio was used as an indicator because the deceleration process 
may be expected to be particularly sensitive to change of flow 
pattern. The tests were run to determine whether the point of 
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carefully cleaned and the piezometer openings smoothed off with 
fine emery cloth. The throat diameter was 0.50 in. and the up- 
stream and downstream sections measured 1.05 in. in diameter. 

The water for these experiments was pumped from the labora- 
tory sump to a tank on the top floor of the building from which 
it flowed by gravity through 11/2-in. piping to the venturi meter. 
The water was then discharged through 11/,-in. piping into a 


Fig. 1 Cross-Section oF VENTURI METER 


cavitation as evidenced by a sudden dropping-off in efficiency 
or discontinuity in the efficiency curve would coincide with the 
reaching of the vapor pressure at the throat of the conduit. The 
difference in pressure heads between discharge and throat is 
dependent on the velocity head and may be expressed as a coef- 
ficient s multiplied by the effective head producing flow or 


hp3 = hoe = oH 
The absolute pressure at the throat is 
Hyp: — hope +H, — hops a H,—cH 


in which H, is the atmospheric pressure head. As H is increased, 
Hp. decreases until it reaches the limit H,,, the head correspond- 
ing to the vapor pressure. This according to the theory is the 
cavitation point, and the corresponding o can be found from the 
equation 


o = (hp + H, = H,,)/H = (A, =F hs) /H 
in which H, is the barometric head H, — H. 


vp" 

If the pressure at discharge is lower than atmospheric, and the 
top of the water column is H, ft below the elevation of the throat, 
then hp; becomes —H,, and o = (H, — H,)/H, the form used for 
turbines or pumps. 

By plotting the efficiency of the diffuser e versus a, a point of 
discontinuity in the curve will indicate a change in the mode of 
flow such as would be caused by the formation of a vapor pocket. 
If the theory is correct this point should coincide with the point 
where the absolute throat pressure just reaches the vapor pressure 
of the water. 

Finally, the results were plotted, as shown in Figs. 4 and 5, 
from which it will be seen that the break in the curve of efficiency 
versus ¢, Fig. 5, coincides exactly with the reaching of the vapor 
pressure at throat as shown by Fig. 4. The corresponding values 
of the throat pressure are also shown in Fig. 5 for various values 
of «, to show this coincidence more clearly. The slight slope of 
the efficiency curves in the region of no cavitation reflects the 
changing Reynoldsnumber. The two curves for different ranges 
of back-pressure show agreement with the theory in each case. 


APPARATUS AND PROCEDURE 


The work described in this paper was conducted in the hy- 
draulic laboratory of the Princeton University School of Engi- 
neering with the apparatus layout shown in Figs. 1 and 2. The 
venturi ‘meter used was of brass, manufactured in the shop at the 
University. Before the tests were made, the instrument was 


From Supply lank 
Water Co/umn 


Flash Ll (ght Bu/b 


Dry Celr-- 


Fie. 2 Genera Layout or APPARATUS 


pair of weighing tanks which were not used in this series of ex- 
periments. 

Many types of gages were used before suitable instruments 
were obtained. There was so much oscillation in the plain U- 
tube manometer that it had to be modified for use in this con- 
nection. The gages for measuring the pressures at points 1 and 
3 in Fig. 2 were made as shown by using a 2-in. pipe nipple capped 
on both ends, as a mercury pot. The pot was connected by a 
1/,-in. nipple to a cast-iron header which held the gage glasses. 
The gage glasses were */s-in. outside diameter and 1/,in. inside 
diameter and were held in the header by means of rubber stoppers. 
Meter sticks graduated in millimeters were used as scales on all 
gages. The gage for recording the pressure at the throat of the 
meter had to be made differently because of the vacuum at this 
point. The gage which was finally successful was similar to a 
barometer but the scale was adjustable and was fitted with a 
strip of stainless steel set at its exact zero mark. The strip 
was connected through a dry cell to a flashlight bulb, so that when 
the point touched the mercury level in the pot, the circuit was 
completed and the bulb would light. It was found that this 
arrangement was very sensitive and gave excellent results. 


HYDRAULICS 


The top of the gage glass was connected by means of a cast-iron 
header to the throat of the venturi. This header had to be 
made extremely tight and was boiled in paraffin to close all 
pores. As finally used, this gage was able to hold a 28-in. vacuum 
overnight. Connections to all gages were made with '/,-in. cop- 
per tubing and Dole compression fittings. Valves and vent 
valves on the gages were !/s-in. Dole needle valves. A water 
~~ column 10 ft high made of 1/2-in. glass tubing was used as a 
 ealibrating device for the gages. 

The specific gravity of the mercury was first checked by finding 
the deflection of the mercury manometers as compared to a given 
height of water column. This varied slightly from day to day 
due to changes in temperature. 

The downstream valve was opened up as wide as possible and 

the flow regulated by the valve 
les 


3 upstream. It was found that 
ef e- 


To Aspirator 


as the quantity of water passing 
through the meter increased, 
the absolute pressure at the 
throat of the meter decreased 
to a certain point when it be- 
came constant no matter how 
much the velocity of the water 
at the throat was increased. 
This then should be the vapor 
pressure of the water. How- 
ever, this pressure was always 
between 2 and 3 in. of water 
lower than the vapor pressure 
shown by the steam tables for 
water at the temperature used 
in the tests. 

The water used in the tests 
was obtained from a well and 
it was found to be fairly hard. 
It was decided then to find 
the vapor pressure of the water. 
This was done by means of a 
static water column connected 
to a bottle and connected in 

turn to an aspirator, as shown in Fig. 3, forming a water barome- 
ter. This procedure gave a vapor pressure for the water which 
corresponded exactly with the minimum pressure found in the 
venturi meter. In order to check this method of determining 
\ vapor pressure, distilled water was placed in the bottle and 
gage connections, and the experiment repeated. The vapor pres- 
sure found in this way agreed with the value given in the steam 
tables for water at the temperature which was being used. 

A series of runs was made with the discharge valve wide open 
and a second series with this valve partly throttled. For each 
series of runs, the pressure at the throat of the meter was pro- 
gressively lowered by adjusting the inlet valve, runs being taken 
at suitable intervals. As many points as possible were taken 
just before cavitation took place and also just after it had oc- 
curred. Also a number of runs were taken beyond the cavita- 
tion point. For each run, the pressures at the entrance to the 

' meter, the throat of the venturi, and the exit from the instrument 
were read as nearly as possible at the same time. Since cavita- 
tion should begin at the upper wall of the throat rather than at 
the centerline, the heads were corrected to correspond to this 
point as a datum elevation. The observed data taken during the 
runs and the results of the tests are given in the appendix of the 
paper. Before the meter was cleaned out, no noticeable noise 


Fie. 3 APPARATUS FOR FINDING 
VAPOR PRESSURE 
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was produced when cavitation occurred, but after the greasy 
deposit on the walls had been removed, cavitation caused a con- 
tinual noise with periodic major disturbances causing a con- 
siderable variation in pressure at points 1 and 3, Fig. 2. This 
sound effect gives secondary evidence of the beginning of cavita- 
tion. 


CoNcLUSIONS 


While the authors have no basis for asserting that the cavita- 
tion formula will ‘satisfy all conceivable arrangements and condi- 
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tions, these experiments appear to answer the question of its 
validity, for the apparatus and conditions adopted, by confirming 
it. This was true for two different values of back pressure, show- 
ing that o remains constant and independent of the back pres- 
sure, in accordance with the theory. It was found that when 
dealing with hard waters, heavily charged with salts, the vapor 
pressure may be appreciably higher than that given for distilled 
water in the steam tables, and when applying the formula to un- 
known waters a small allowance should be provided in the value 
of H, to cover this factor. At least when using ordinary run-of- 
laboratory water free from abnormal air content, the formula 
appears to be perfectly satisfactory, without modification. 

In brief, these experiments give results entirely consistent with 
the cavitation principle as now generally applied. 
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Appendix 
Orservep Data TAKEN TO DeTeRMINE CaviraTion Limits Resutts or Tests To DeTerRMine CavirTaTion Limits 
——Gage No. 1—— —Gage — ze ——Gage No. 3—— Run Han Hos Hp: (ipte WES Hp, Hb — Hy 
Run Col Col Hg Belew Col Col =o. er ae este bok dla venireacs tae rd 
No. 1 2 Net col datum 1 2 Net 1 3.122 ee 14.123 O sia eee Epes 
2 — Mahe . . . . 
1 3.00 10.64 7.64 40.48 134.1 3.34 5.06 1.72 3 3: OA ME ane Sh 0. BATA, Sah) aa ae 
2 2.66 11.42 8.76 45.66 134.0 3.70 6.20 2.50 4 4.910 24971 8.738 1.299 0.879 9.431 
3 2.94 14.20 11.26 51.46 134.2 3.32 7.10 3.78 5 6.460 —27 440 6.253 2.308 0.878 8.440 
4 2.76 14.36 11.60 53.54 134.2 3.80 7.32 3.52 6 6.734 —928 520 4.970 2534 0.881 8.355 
5 2.88 18.04 15.60 59.56 134.4 3.36 9.18 5.82 7 6.959 —29 562 4.147 2.416 0.876 7.742 
6 2.80 18.54 15.74 62.12 134.3 3.80 9.36 5.56 8 8.070 —30.335 3.358 3.152 0.872 7.297 
7 2.52 18.74 16.22 64.66 134.4 3.60 9.64 6.04 9 7.925 —31.492 1.998 2.916 0.873 7.082 
8 2.80 21.58 18.78 66.58 134.5 Sro2) IlOL 772 10 7 863 —32.031 1.678 2394 0.875 7174 
9 2.72 21.14 18.42 69.32 134.4 3.64 10.86 7.22 11 9616 —32 615 1.078 4.251 0.873 6.894 
10 2.40 20.66 18.26 70.64 134.5 3.54 10.66 7.12 12 12.199 == 99 7, 0.916 5.336 0.847 5.547 
11 2.74 25.00 22.26 72.10 134.6 3.20 13.40 10.20 13 12.351 —32.756 0.953 4.388 0.823 4.665 
12 2.60 30.68 28.08 72.50 134.6 3.20 15.94 12.74 14 14.037 —32.756 0.937 4.630 0.799 3.972 
13 2.20 30.56 28.36 72.40 134.6 3.48 13.96 10.48 15 16.213 —32.736 0.937 4.989 0.771 3.361 
14 2.50 34.72 32.22 72.45 134.6 3.12 14.18 11.06 16 18.674 —32.736 0.957 5.327 0.740 2852 
15 2.40 39.52 37.12 72.40 134.6 3.20 15.06 11.86 17 20.435 —32.736 0.957 3701 0.723 2608 
16 2.30 44.96 42.66 72.40 134.6 3.20 15.82 12.62 18 23 092 —32.736 0.987 8.190 0.697 2303 
17 2.30 48.92 46.62 72.40 134.6 3.18 16.74 13.56 19 25.027 —32.736 0.987 6.493 0.679 2°117 
18 2.20 54.80 52.60 72.40 134.6 3.20 17.72 14.52 20 28 305 39 736 0.937 6.945 0.650 1.858 
19 2.10 59.08 56.96 72.40 134.6 3.22 18.46 15.24 i ray. igs a ‘ : 
20 1.96 66.30 64.34 72.40 134.6 3.16 19.42 16.26 
—Discharge Valve Throttled Second Series—Discharge Valve Partly Closed 
1 2.90 42.00 134.1 3.50 15.04 11.54 1 8.277 —20.196 13.497 4.770 0.877 10.695 
2 2.76 50.62 134.2 3.44 18.34 14.90 2 10,515 —23.750 9.943 6.242 0.875 9.122 
3 2.16 62.86 134.3 3.44 17.52 14.08 3 11.174 —28.800 4.909 5.989 0.870 7.473 
4 2.56 63.34 134.4 3.36 23.48 20.12 4 14.102 —28.997 4.696 8.561 0.871 7.453 
5 2.50 68.08 134.4 3.30 26.92 23.62 5 16.554 —30.981 2.509 10.207 0.866 6.738 
6 2.14 69.42 134.5 3.38 19.88 16.50 6 12.821 —31.528 2.181 7.064 0.870 6.917 
i 2.46 71.20 134.9 3.30 28.68 25.38 7 17.435 —32.268 1.222 10.990 0.870 6.757 
8 2.36 72.40 134.6 3.30 29.40 26.10 8 19.077 —32.736 0.957 11.219 0.848 5.594 
9 2.30 72.40 134.6 3.30 31.18 27.88 9 20.711 —32.736 0.957 12.010 0.837 5.143 
10 2.10 72.40 134.6 3.20 35.90 32.70 10 25.383 —32.736 0.957 14.151 0.807 4.174 
11 2.00 72.40 134.6 3.18 37.74 34.56 11 28.965 —32.736 0.957 14.977 0.773 3.411 


Notes on First TABLE c ° 
Datum plane level = 45.87 cm above center line of venturi meter; gage 1 datum level = 61.35cm; gage 2 datum level = variable; gage 3 datum 


level = 61.58 cm; all readings in this table are average values; all readings are given in centimeters. 
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, The Measurement of Air Flow in Fan 
Inlet and Discharge Ducts 


This paper is devoted to a proposed method for, deter- 
mining the volume of air handled by any fan which is pro- 
vided with either inlet or discharge ducts. The proposal 

is to use pitot tubes for capacities near the wide-open con- 
dition and square-edged inlet or discharge orifices for lower 
_ capacities down to the no-flow condition. To make the 
)pitot-tube measurements accurate, a standard form of 
pitot tube is suggested, based on the investigations of 
) Ower? and the unpublished researches of Merriam and 
_ Spaulding at Worcester Polytechnic Institute. The co- 
efficients of Ebaugh and Whitfield’ are suggested for use 
__ with inlet orifices, while these of Stach‘ are suggested for 
\discharge orifices used with flange pressure taps on the 
approach side. The alternative procedure of using an 
impact tube with the discharge orifice is discussed, but 
coefficients are not as yet available. 


volume of air to be measured will vary from a maximum to 

zero, the variation being obtained by changing restrictions 
on either the inlet or the discharge side of the fan. The restric- 
tion may either be separate from the volume-measuring device 
or may be an essential part of it. 

- The volume-measuring devices and restrictions which come un- 
der consideration are (1) the pitot tube, with independent restric- 
tions; (2) a single nozzle in the duct (duct nozzle) with independ- 
ent restrictions, or a series of nozzles used individually, acting as 
restrictions; (3) a series of inlet or discharge nozzles at the end 
of the duct, acting as restrictions; (4) an orifice in the duct (duct 
orifice) with independent restrictions, or a series of orifices acting 


ie MAKING tests of fans with inlet or discharge ducts, the 
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as restrictions; and (5) a series of inlet or discharge orifices, act- 
ing also as restrictions. 

No one of these devices is satisfactory for the complete range of 
operation of a fan. The pitot tube will not give accurate indica- 
tions at low fan capacities; nozzles and orifices will not permit the 
investigation of a fan with wide-open discharge. When a large 
single nozzle or orifice is used (with supplementary restricting 
devices), it will not give accurate indications at low capacities; 
while if the single nozzle or orifice is small, it will not permit fan 
operation near the wide-open condition. 

As between nozzles and orifices, assuming that the coefficients 
of both are equally definite for stated conditions and that they 
have been determined with equal accuracy, the choice must fall 
on the orifice. In fan testing, the ducts may be as large as 10 ft 
diameter. Well-rounded nozzles of large size are costly and heavy. 
Other nozzle forms, fabricated from sheet metal, have been pro- 
posed, but they cannot be made inexpensively of any desired exact 
form and dimensions, and consequently their coefficients cannot be 
ascertained with accuracy. Moreover, they are heavier and more 
costly than orifices. The one advantage of a well-rounded nozzle 
is that its coefficient can be determined with sufficient accuracy by 
means of a traverse with a small impact tube. Such a nozzle is 
more nearly a primary standard for the measurement of large 
quantities of air than any of the other devices proposed. As such 
it may be used for the calibration of other measuring devices such 
as the orifice. When the coefficient of an orifice has been deter- 
mined by the use of a nozzle or other means, it becomes just as 
accurate as the nozzle and is much cheaper and more convenient. 

A duct orifice is practicable only for a single orifice because of 
the difficulty involved, and the time consumed, in changing orifices 
in a large-sized duct. A single orifice presents the disadvantages 
stated previously of having either low accuracy at low capacities 
or of preventing fan operation near the wide-open condition. 
Moreover, this method requires a considerable total length of 
duct. The only advantage of duct orifices over discharge orifices 
is that the coefficients for duct orifices have been well established 
by a number of investigators. 

There remains the use of a series of orifices either at the entrance 
to the inlet duct (inlet orifices) or at the end of the discharge duct 
(discharge orifices). This is the simplest and most convenient 
method of measuring air and is comparatively inexpensive. Its 
only disadvantage is that it is not applicable to measurements 
at or near the wide-open condition. 

It would appear from this survey that two of the methods 
enumerated for measuring the flow of air in a fan duct have defi- 
nite advantages over all the other methods. The pitot-tube 
method can be made quite satisfactory at higher fan discharges, 
while the square-edged inlet or discharge orifice is equally satis- 
factory at lower fan discharges. A combination of the two meth- 
ods should permit accurate volume measurements throughout 
the whole range of fan operation, The author proposes, therefore, 
that in testing fans which are to be used with inlet or discharge 
ducts, the air measurements be made by a pitot-tube traverse at 
capacities approximately down to the capacity at maximum effici- 
ency and from there down, by square-edged orifices. Pitot-tube 
traverses should also be made while the two largest orifices are 


429 


430 


in use so as to determine the accordance of the two methods of 
measurement. 

Before the proposed method can be used satisfactorily, it is nec- 
essary (1) to standardize the pitot tube and methods of using it, 
and to know its errors, and (2) to standardize the square-edged 
orifice and methods of using it, and to ascertain its coefficients 
under various conditions of use. 


STANDARDIZATION OF THE Pitot TUBE 


The desirable characteristics of a standardized pitot tube are 
(1) known coefficients, eliminating the necessity for calibration; 
(2) ease of duplication with ordinary machine-shop processes; 
(3) insensitivity to minor changes in form and dimensions; (4) 
static holes as near the tip as possible; (5) rigidity; and (6) small 
size. 

The features to be considered while designing such a standard- 
ized pitot tube are (1) diameters, thicknesses, and materials of 
the outer and inner tubes; (2) the shape of the impact tube; (8) 
the size of the impact opening; (4) the distance of the static 
holes from the tip; (5) the distance of the static holes from 
the stem; and (6) the size, number, and arrangement of the 
static holes. 

The researches of Ower and Johansen,? and the unpublished 
researches of Merriam and Spaulding at Worcester Polytechnic 
Institute give the necessary data for selecting a design. The two 
entirely independent investigations, covering to a large degree 
the same field, give results remarkably accordant and justify 
complete confidence in their reliability. 

The selection of diameters and thicknesses of the inner and outer 
tubes is arbitary. Adequate stiffness can be obtained for tra- 
versing ducts 3 or 4 ft across by making the outer tube of 0.04-in. 
thick brass (No. 18 gage), 5/1. in. outside diameter, and the inner 
tube preferably of 0.0285-in. thick copper (no. 21 gage), 1/s in. 
outside diameter. Other sizes may be used without affecting ac- 
curacy as long as geometrical similarity is maintained. 

The shape of the impact tube should preferably be hemispherical. 
A conical tip of proper design will give equally satisfactory results, 
but it is more liable to damage, increases the total length of the 
tube, and locates the static openings at a greater distance from 
the impact opening. 

The diameter of the impact opening is immaterial when the tube 
is directed accurately into the air stream, but has considerable 
influence on the impact readings under conditions of yaw. This 
is illustrated, for a hemispherical head, by the following tabulation 
taken from the work of Merriam and Spaulding at Worcester 
Polytechnic Institute: 


Ratio of impact opening to tube diameter..... 0.5 0.4 0.3 0.2 
Error in impact reading, per cent of velocity 
head, | with G-dew aw 25 skins. «.d's sree Se o.co 4.5 6.0 8.5 


The velocity-head reading under conditions of yaw will vary 
with both the impact reading and the static reading. If the errors 
of both impact and static readings in yaw were of the same sign 
and magnitude, the errors would cancel and the velocity-head 
reading would be correct. This desirable condition cannot be 
realized by any known design of pitot tube. With an impact 
opening 0.2 times the diameter and with the static-hole design 
recommended later in this paper, the velocity-head readings 
vary less with yaw than when the impact openings are larger. 

If it is desired to find only the velocity or volume of the air 
flowing, an impact opening of 0.2 times the tube diameter should 
be selected. But in fan testing it is also necessary to find the 
work done on the air and this is proportional to the product of 
(1) the volume of air delivered, and (2) the impact pressure. An 
impact opening 0.2 times the tube diameter gives satisfactory 
values of the difference between impact and static pressures up to 
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12-deg yaw but gives larger errors in the values of the impact 
pressure, and of the work done on the air, than result from the use 
of an impact opening 0.4 times the tube diameter. This latter di- 
mension appears to be the best to select for fan testing. With an 
effective straightener to eliminate yaw, all sizes of impact opening 
would give the same indications. The depth of this opening has 
no influence on the impact reading.. 

The variation of velocity head with yaw, and the error in the 
calculated work done on the air, with zero static pressure, for an 
impact opening 0.4 times the tube diameter (with stem-effect 
error included) is found to be: 


Yaw angle; dogs. bcc «> «nis oe 8:0°. 1250) 16:0) 2020 
Error in velocity head, per cent..... —0.8 —1.7 —0.5 1.7 
Error in work done, per cent....... 0.1 0.5 4.3 8.2 


The error in calculated work done on the air diminishes as the 
static pressure is increased, being halved when the static pressure 
is equal to the velocity head. 

The distance from the static holes to the tip of the tube, is made up 
of the length of the tip proper (conical or hemispherical portion) 
and a length of straight tubing between the tip proper and the 
static holes. The latter alone is found to have an influence on the 
static readings. This influence is considerable. The effect of the 
tip is to make the static reading less than the true static reading 
by an amount which depends on the length of straight tubing 
between the static holes and the tip, and on the velocity head. The 
error diminishes rapidly as the length of straight tubing increases, 
and becomes practically constant when this length is eight tube 
diameters. At this location the static-pressure reading is low by 
about 0.2 per cent of the velocity head according to Ower;? 
it is still smaller according to Merriam and Spaulding. This 
distance of eight tube diameters is indicated as desirable for the 
location of the static holes. 

The distance from the static holes to the stem has an important in- 
fluence on the static reading. According to Ower,? the presence 
of the stem increases the upstream static pressure as in the follow- 
ing tabulation: 


Distance of stem aft of static holes, in tube 


Ginmeters.se he Retr clots cs. sancti ani es 5 10 15 
Excess pressure due to stem, in per cent of 
velocity head se .3.5.08 seas hc cic oe re eaters 1575 Ovs On 


The investigations of Merriam and Spaulding show a slightly 
greater pressure excess. As this error cannot be eliminated with- 
out removing the stem to an impracticably great distance, and as 
the error changes very slowly after a length of 16 diameters, it 
seems desirable to select this length of 16 diameters for the dis- 
tance between the static holes and the stem axis. 

With the stem extending across the duct (which may be de- 
sirable for very large ducts) the static error has twice the value 
just given in the tabulation and, therefore, for a 16-diameter 
length, may be as much as 1 per cent of the velocity head. 

The number of static holes and their distribution around the tube 
is determined principally by the consideration that the degree 
and direction of yaw, for the air current being measured, will 
ordinarily be unknown. Consequently the static holes should be 
uniformly distributed around the tube and should be numerous. 
The logical development of this concept leads to a gap instead of 
a number of holes, as in the the Prandtl tube. The objection 
to the gap is that it reduces the rigidity of the tube and in prac- 
tice may lead to slight flexure at the gap. This would have the 
same effect as a burr and, while difficult to see, would materially 
affect the static reading. Eight holes with even spacing are sug- 
gested as a satisfactory compromise. If these holes are 0.04 
in. diameter, they will take away less than one-third of the tube 
material. 

The size of the static holes influences the static-pressure error 
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under yaw. Small holes (0.02 in. diameter) have the advantage 


._ of giving comparatively small errors in yaw but are likely to clog 


and yield static readings which under yaw conditions are very 
sensitive to changes in diameter. With holes 0.04 in. diameter, 
the following results were obtained by Merriam and Spaulding: 


Mawranglendeges. cima. cats asc oaaee 8.0 12.0 16.0 20.0 


Static error, per cent of velocity head....1.5 3.5 5.5 8.0 
Static error, including stem effect, per 
GON bartetie telcos nas te oecoe taek ovals at ava ga’ ov ates LO 3.06 bOm..d 


It is proposed for the purpose of achieving comparative insen- 
sitiveness to slight imperfections, that the static holes be made 
0.04 in. in diameter. One other feature is recommended. The 
inner tube should be maintained coaxial with the outer tube in 
the vicinity of the static holes. A spacing ring soldered to the 
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copper tube will achieve this object. A pitot tube embodying the 


_ proposed features is shown in Fig. 1. 


SquaRE-EDGED ORIFICES 


The proposal to use square-edged orifices as a measuring device 
in fan testing is based upon the assumption that these orifices 
will always be comparatively large. If they are small, the condi- 
tion of the edge of the orifice may influence appreciably the coef- 
ficient of discharge. Orifices above 8 in. diameter (approximately) 
will give predictable coefficients of discharge when they are 
machined with ordinary care and all burrs are removed. For 
\smaller orifices, greater care is necessary; when the diameter is 
as small as 1 in., the orifice coefficient will be found to vary con- 


| siderably with the condition of the edge of the orifice in which case 


the nozzle is preferable. 

In addition to the minimization of the effect of edge sharpness 
when the orifice is large, there is the further fact that the coeffi- 
cient varies but little with orifice size when the size is considerable. 


| The elimination of these two disturbing factors leaves the orifice 
| coefficient a function of two factors only: 


(1) the Reynolds 
number, and (2) the ratio of orifice area to duct cross-sectional 


area. These factors are considered later. 


-  InNuet ORIFICES 


Square-edged inlet orifices have been investigated recently 


| by Ebaugh and Whitfield’ for a 22/,-in. duct with a 20 to 100 


per cent orifice-area ratio. Some earlier work by Watson and 


| Schofield’ deals only with small orifices from 1/2 to 2 in. diameter 


and for very small orifice-area ratios and is not applicable to fan 


5 “On the Measurement of the Air Supply to Internal-Combustion 
Engines by Means of a Throttle Plate,’ by William Watson and H. 
‘Schofield, Proceedings of the Institution of Mechanical Engineers, 
May, 1912, pp. 517-552. 
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conditions. Both these investigations show discharge coefficients 
very close to 0.6. The volume of air flowing is based entirely 
upon the pressure drop at the orifice and this necessitates a 
choice as to the location of the pressure tap in the duct. The 
Ebaugh and Whitfield coefficients’ are based on the location of 
the pressure tap in the plane of the vena contracta. 

The recent investigations of Stach,‘ using the I.S.A. form of 
square-edged orifice with flange taps and carried out on a 10-in. 
duct with orifice-area ratios of 0.25, 0.36, 0.49, and 0.64 give a 
constant value of the coefficient of discharge of 0.60 for Reynolds’ 
numbers in excess of 55,000. The accuracy of the coefficient is 
given by the following percentage tolerances: 


0.36 
+= 1.0 


0.49 
+ 0.5 


0.64 
+ 0.5 
It would appear, using flange taps, that the coefficient of dis- 
charge is not quite constant and that the assumption of constancy 
leads to larger errors than are permissible at low orifice-area 
ratios. As a practical matter, it is desirable to have a definite 
location for the downstream pressure tap. Ebaugh and Whit- 
field? find that a location 40 per cent of the pipe diameter down- 
stream will permit the use of a constant coefficient of 0.601 
throughout a considerable range of orifice-area ratios with an 
error of less than 0.5 per cent for ordinary pressure drops. 

The large amount of research on pipe orifices cannot be con- 
sidered applicable to the conditions of an inlet or a discharge 
orifice. The bibliography of Ebaugh and Whitfield? does not 
include any investigations which actually apply to an inlet orifice 
of a size suitable for the testing of fans. While their work needs 
verification by others and extension to larger ducts, greater pres- 
sure drops, and smaller orifice-area ratios, it may be accepted for 
the present. 


DIscHARGE ORIFICES 


Square-edged discharge orifices have been investigated by 
Durley® up to 41/2 in. diameter for very small orifice-area ratios. 
by Muller? up to 21/2 in. diameter with large orifice-area ratios, 
and by Stach‘ for orifices from 5 to 8 in. diameter in a 10-in. duct. 

The work of Durley* and Miiller? does not cover the range of 
orifice sizes important in fan testing. The work of Stach‘ with 
1.S.A. orifices having flange pressure taps before the orifice, was 
for the same set of conditions as those stated previously, in the 
discussion of inlet orifices. The coefficients which Stach found 
are slightly lower than those for pipe orifices and vary with the 
orifice-area ratio m. The values are: 


> SAR Groen 0.05 0.10 0.15 0.20 0.25 0.30 0.35 
Goeticiont ceria 0.598 0.602 0.608 0.615 0.624 0.636 0.651 
» AO OPEC OO EE 0.40 0.45 0.50 0.55 0.60 0.65 0.70 
Gocriclent pee) hain 0.666 0.682 0.701 0.724 0.751 0.784 0.820 


These values are found to hold for Reynolds’ numbers FR in 
excess of the following values: 
0.25 0.36 
55,000 
The accuracy of these coefficients is given as + 0.8 per cent. 
They apply to the simple flow equation V? = 2gh; and include 
the correction for velocity of approach. 

The investigations of Stach* were made with a high degree of 
precision and his results apparently may be used with confidence. 

The Reynolds numbers for inlet and discharge orifices in fan 
tests will ordinarily be in excess of the limit set by Stach. The 


0.64 
183,000 


0.49 
75,000 


6 ‘Measurement of Air Flowing Into the Atmosphere Through 
Circular Orifices in Thin Plates and Under Small Differences of 
Pressure,” by R. J. Durley, Trans. A.S.M.E., vol. 27, 1906, pp. 193- 
231. 

7 ““Messung von Gasmengen mit der Drosselscheibe,”’ by A. O. Miiller, 
Zeitschrift des Vereines deutscher Ingenieure, vol. 52, no. 8, February, 
1908, pp. 285-290. 
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absolute viscosity » of air varies from 1.175 X 1075 at 32 F, to 
1.51 X 10-5 at 212 F, in lb-ft-see units, the variation being 
proportional to the temperature change. The Reynolds number 
is DV p/p, where D is the orifice diameter, ft; V is the velocity 
of air in the orifice fps; and p is the density of the air in lb per cu ft. 
At 70 F with standard air density of 0.075 lb per cu ft, p/n = 
6.05 X 10%. Assuming the lowest practical pressure drop through 
the orifice as 0.1 in. of water, which corresponds to an air ve- 
locity of approximately 21 fps, and assuming an orifice diameter of 
0.5 ft, the Reynolds number R = 0.5 X 21 X 6.05 X 108 = 6.35 X 
104. The conditions here assumed are those which would give the 
minimum value of RF that is likely to occur in fan testing. It 
will be seen that Reynolds’ numbers for actual fan-test condi- 
tion generally will be in excess of Stach’s minimum for con- 
stant-discharge coefficients for square-edged orifices. Any 
doubtful case should be calculated. 

The weight or volume of air flowing through a discharge ori- 
fice may be determined either from observations of the drop of 
static pressure through the orifice or from impact-tube readings. 
In recorded investigations, only the pressure-drop method appears 
to have been used. It would seem, however, that the impact- 
tube method is as applicable here as it is for nozzles and that it 
has the same advantages. 

A traverse along the center line of the orifice shows that for 
orifices 8 in. diameter or larger, the impact reading is constant 
from the plane of the orifice to several inches out from that plane, 
and that it falls off slowly at increasing distances. Therefore, 
it is proposed that the impact tube be placed at a distance of 1 in. 
out from the plane of the orifice. 

The weight of air discharging from a square-edged orifice is 
given by the equation? 

w = 0.1145 ¢ D? ¥/(GBi/T:) 


where w is the weight of air flowing, lb per sec; c is the coefficient 
of discharge; D is the orifice diameter, in.; B is the mean discharge 
pressure, in. of mercury; 7 is the impact pressure, in. of water; 
T, is the temperature of the air approaching the orifice, deg F abs; 
and G is the specific gravity of the air referred to normal dry air 
at the same pressure and temperature. The quantity B is pref- 


8 Discussion by S. A. Moss of ‘‘The Flow of Air and Steam Through 
Orifices,’”’ by H. B. Reynolds, Trans. A.S.M.E., vol. 38, 1916, p. 
833. 

9 “Measurement of Flow of Air and Gas With Nozzles,” by S. A. 
Moss, Trans. A.S.M.E., vol. 49-50, part 1, 1927-1928, paper APM- 
50-3. 
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erably the mean of the static pressures on the two sides of the 
orifice, since this gives a somewhat greater constancy of coefficient 
of discharge than the use of the discharge (barometric) pressure. 
For small pressure drops it is immaterial which of these pressures 
is used; with a pressure drop of 1 in. of water the difference in 
weight of air flowing is only 0.125 per cent, and for a pressure 
drop, of 4-in. of water it will be 0.5 per cent. No coefficients are 
available at present for the determination of the volume of air 
flowing through a square-edged discharge orifice by means of 
an impact tube. 

A desirable form and method of assembly of the square-edged 
orifices is shown in Fig. 2. The orifices are made from 1/;-in. 


Fie. 2 Suaenstep Form anp MrtHop or ASSHMBLING 
SQuaRE-EDGED ORIFICES 


steel plate and are provided with studs to facilitate assembly. 
The studs are round-headed machine screws, */s in. diameter, 
threaded the whole length, and with the thread cut away in 
the immediate vicinity of the head. These screws are threaded 
into holes spaced 6 in. apart in the orifice ring; the holes 
are slightly countersunk on the entering side. If screwed up 
tight, the screws will act as studs. The studs are 1!/, in. from the 
orifice and are found to have no perceptible influence on the flow. 
A ring of hard packing such as vellumoid is shellacked on the 
back of each ring and the exposed face of the packing is graphited. 
A series of these orifices can be built from any desired maximum 
size, by steps of at least 4 in., down to any desired minimum size. 

As shown in Fig. 2, the orifice plate is tapered on both sides 
for a distance of 3/, in. from the orifice, with a slope of 1 in. in 
8 in., leaving a thickness of 1/1 in. at the orifice. The purpose of 
this taper (which differs from the usual practice of having the 
approach side of the orifice flat and only the discharge side tap- 
ered) is to have an arrangement which will work equally well 
both for inlet orifices and discharge orifices. The justification is 
experimental. The author has investigated large orifices which 
were identical except that one was tapered, as in Fig. 2, and the 
other made in the usual manner with a flat approach side. The 
coefficients for orifices of this type are slightly higher than for 
the standard type. 
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. The Definition of the Quantity-Head 


Characteristic of Fans 


: By M. C. STUART! anv W. E. SOMERS,? BETHLEHEM, PA. 


The purpose of a fan characteristic is to delineate usetul 
information regarding the performance of a fan in its 
installation. Specifically, the quantity-head characteris- 
tic shows the quantity of air delivered against a certain 
resistance in the intended installation. The authors dis- 
_ cuss the set up of four basic arrangements of fan types and 
installations, and describe three currently used fan-head 
definitions. The definitions of fan head are evaluated, the 
)fan head being defined as the discharge static head minus 
the inlet total head. A primary arrangement of each type 
of fan is described and a single primary quantity-head 
| characteristic for each type of fan is defined. If a fan is 
installed in any arrangement other than its primary one, 
the primary characteristic cannot be assumed to apply, 
but a separate test must be conducted to determine its 
characteristic in its intended arrangement. Results of 
complete tests of a fan installed in its four possible ar- 
rangements are given to illustrate the principles which are 
set forth. 


HE purpose of a fan characteristic is to delineate useful 

information regarding the performance of a fan in its 
| installation. Specifically, the quantity-head characteris- 
‘tic shows the quantity of air which will be delivered against a 
certain resistance in the intended installation. 

In general, it may be stated that for a given fan there does 
not exist a single easily defined relationship between the quan- 
tity of air discharged and the head produced by the fan. The 
%wo circumstances accounting for this situation are (1) the lack 
of agreement upon a definition of the term “head” as applied 
‘to fan performance, and (2) the performance of a given fan is 
influenced markedly by the different arrangements required in 
| various applications. ‘ 
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Description or Basic Fan ARRANGEMENTS 


An investigation of the different ways in which the arrange- 
ment of a fan in its application may affect the quantity-head 
characteristic reveals that four basic installation arrangements 
cover all cases. Before describing these basic arrangements the 
fan must be defined. 

Prof. L. S. Marks in a series of papers? has shown that inlet 
boxes and other attachments at the inlets and outlets of fans have 
considerable effect on the performance of the fan in certain 
cases. Therefore, it is necessary in defining the fan to include not 
only the housing, but to have a definite understanding as to 
what attachments, such as inlet boxes, diffusers, mounting 
rings, flanges, dampers, etc., shall be considered as part of the fan. 
Having an understanding of what constitutes the fan, the four 
basic installation arrangements which are required to cover the 
various applications may now be developed. These basic in- 
stallations are shown in Fig. 1 as arrangements A, B, C, and D. 

Arrangement A—Bare Fan. In this arrangement there are no 
ducts attached to the fan; the intake is from one large space or 
room and the discharge is into another large space. This arrange- 
ment is that usually thought of in applications of propeller fans, 
although it is equally applicable to any housed fan. It may alter- 
nately be referred to as a wall installation. 

Arrangement B—Blower. This arrangement consists of a fan 
installation with intake direct from a large space or room but 
discharging into a duct. This is the usual blower arrangement 
and is applicable whether the blower is of the centrifugal or the 
propeller type. 

Arrangement C—Booster. This arrangement provides an in- 
take through a length of duct and a discharge from the fan into a 
discharge duct. This arrangement is applicable to propeller 
as well as centrifugal-type fans thus installed. 

Arrangement D—Exhauster. In this arrangement the intake 
is through an inlet duct but the air is discharged directly into a 
large space. It is applicable to all types of fans thus installed. 


Heap DEFINITIONS 


Velocity Head he. The definitions of heads may be more 
readily understood if it is recognized that all heads represent 
essentially energy per pound of fluid. The velocity head at any 
point in the system, if expressed in feet of the fluid flowing, is the 
kinetic energy per pound of fluid at that point. This head ex- 
pressed in inches of water is proportional to the kinetic energy 
by a factor involving the ratio of the density of water to that of 
the fluid flowing. In this investigation the velocity heads at the 
specified points in the inlet and discharge ducts were calculated 
from the quantity flowing, as measured by a nozzle installed 


3 “Influence of Inlet Boxes on the Performance of Induced-Draft 
Fans,”’ by L. S. Marks and HE. A. Winzenburger, Trans. A.S.M.E., 
vol. 54, 1932, paper FSP-54-16, pp. 213-220. ‘‘Influence of Bends 
in Inlet Ducts on the Performance of Induced-Draft Fans," by L. S. 
Marks, J. Lomax, and R. Ashton, Trans. A.S.M.E., vol. 55, 1933, 
paper FSP-55-9, pp. 133-143. ‘‘Influence of Bends or Obstructions 
at the Fan Discharge Outlet on the Performance of Centrifugal 
Fans,” by L. S. Marks, J. H. Raub, and H. R. Pratt, Trans. 
A.S.M.E., vol. 56, 1934, paper FSP-56-12, pp. 767-771. 
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TABLE 1 UANTITY-HEAD CHARACTERISTICS FOR THE 


INSTALLATION ARRANGEMENTS IN FIG. 1 
Installation Fan total ——F an static head 
arrangement head, Hr Ist def., Hs 2nd def., H’s 
A—Bare fan HTA = ge = isa 

—Blower HTB Hsp = 4H’'sB 
C—Booster ATG: Hsc H’sc 
D—Exhauster HTD = Hsp H’spD 


Note: Characteristics H7A, HSA, and H’sa can be represented by a 
single curve. Characteristics Hsp and Hsp can be portrayed by a single 
curve. Characteristics Hrp and Hsp can be portrayed by a single curve. 
A separate curve is required for each of the following characteristics: HTB, 
Htc, Hsc, H'sc, and H’sp. 


h, a 


BARE FAN ARRANGEMENT A. 


NEITHER INLET NOR DISCHARGE DUCTS. 


BLOWER ARRANGEMENT 
B 


WITH DISCHARGE OUCT BUT NO INLET DUCT. 


BOOSTER ARRANGEMENT C. 


. WITH BOTH INLET AND DISCHARGE DUCTS. 


d 
EXHAUSTER ARRANGEMENT. D. 


WITH INLET DUCT BUT NO DISCHARGE DUCT. 


Fic. 1 Basic ARRANGEMENTS OF FAN INSTALLATIONS 


elsewhere in the system, and a knowledge of the duct area at the 
points in question. 

Static Head hs. Static head, if expressed in feet of the fluid 
flowing, is the work required per pound to cause the fluid to move 


against the pressure measured, in fan work, above atmosphere. , 


This static head is equal to the product of the pressure above 
atmosphere and the specific volume of the air. It has been 
variously named pressure energy, flow work, displacement en- 
ergy, and pressure head. This head, if expressed in inches of 
water, is proportional to the pressure energy by a factor involving 
the ratio of the density of water to that of the fluid flowing. In 
this work the static head was determined by observation of the 
static-pressure gages attached at the specified points. 

Total Head ht. The total head at a point in the system is the 
sum of the pressure energy and the kinetic energy, both measured 
at the point in question. If this head is expressed in inches of 
water, it will be proportional to this sum of energies. 

In fan performance we are concerned with certain changes in 
energy that the fan produces for a given discharge. These in- 
creases in energy are the differences between the corresponding 
heads at the discharge and the inlet. These differences in head 
will be called the “fan heads,” represented by the general symbol 
H, as distinguished from h, which is the symbol for the head at a 
certain point. 

Of the several possible fan heads which may be obtained from 
various differences between the inlet and discharge heads, only 
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three have been considered of value in fan work. These three 
are defined in the following paragraphs. 

Fan Total Head. Fan total head is the total head at some 
specified plane on the discharge side of the fan minus the total 
head at some specified plane on the inlet side. It can be ex- 
pressed as 


Hp = ua =a hu 


where H, is the fan total head, h,, is the discharge total head, 
and h,; is the inlet total head. 

Fan Static Head—First Definition. The first definition of fan 
static head stipulates that this head is equal to the discharge 
static head minus the inlet total head, or 


Hs = hea ay Ny 


where Hg is the fan static head as-given in this first definition, 
h,q is the discharge static head, and h,; is the inlet total head. 

Fan Static Head—Second Definition. The second definition 
of fan static head stipulates that this head is equal to the dis- 
charge static head minus the inlet static head, or 


H's a hea he; 


where H’g is the fan static head as given in this second defini- 
tion, h,z is the discharge static head, and A,; is the inlet static 
head. 

With three definitions for fan head and four necessary arrange- 
ments to cover various applications, it appears that there are 
twelve possible quantity-head characteristic curves to com- 
pletely cover the performance of a fan which has mounting flanges 
for inlet and discharge ducts, thus permitting it to be installed 
in any one of the four basic arrangements. However, twelve 
tests and as many corresponding curves are not required to 
determine and portray these characteristics. 


Tue Fan TEsts 


In order to determine how the characteristics vary for the 
different arrangements, a fan was set up and tests conducted for 
all four basic arrangements, and the twelve characteristics com- 
puted. These characteristics are analyzed, both to evaluate 
their practical utility, and to determine the minimum number 
and character of the tests required to establish those charac- 
teristics which are considered to be of value. This leads to a 
definition of the quantity-head characteristic. 

The tests were run on a single-inlet Clarage exhauster having 
forward-tilting blades. The inlet and discharge openings were 
both 9 in. in diameter. The fan was driven through a flexible 
coupling by a squirrel-cage induction motor of 1800 rpm syn- 
chronous speed. 

The inlet and discharge ducts used were 9 in. in diameter and 
made of sheet metal, the joints being riveted and soldered to 
make them airtight. The inlet duct was 6 ft, or 8 diameters, 
long and the discharge duct was 10 ft, or about 13.5 diameters 
long. Brass bosses, drilled and tapped for 1/s-in. pipe, were 
soldered on each duct for the static-pressure taps at points three- 
quarters of the duct length from the duct inlet. All burrs were 
removed from the edges of the static tap holes in the ducts. 

All flow measurements were made with a 260-mm 1912 V.D.I. 
nozzle, using a coefficient of 0.97, placed at the outlet of a large 
test chamber 28 ft long and 33 in. in diameter. When the dis- 
charge duct was connected to the fan, the air was discharged 
from the duct into this test chamber, the control of the flow being 
made by means of a series of throttle plates inserted at the 
connection between the duct and the chamber as shown in 
arrangement B of Fig. 2. When no discharge duct was used the 
fan discharged directly into this test chamber as shown in ar- 


POWER TEST CODES 


rangement A of Fig. 2. Flow control was then effected by means 
| of a multihole throttle plate inserted 10 ft downstream in this 
chamber. This plate also acted as a screen to straighten the 
flow for the nozzle approach. 

In order to produce the four basic installation arrangements 
with the equipment described, it was set up as follows in the four 
test arrangements shown in Fig. 2. 

Test Arrangement A—Bare Fan. The fan intake was directly 
from the room, and the discharge was directly into the test 
chamber. 

Control of flow was effected by means of the multihole throttle 
plate 10 ft downstream in the test chamber. 

Test Arrangement B—Blower. Intake was directly from the 
. room, and the discharge was made through a discharge duct 
from which the air passed into the test chamber. The multihole 
) throttle was removed, the chamber acting only as a device for 
smoothing the approach to the nozzle. Flow was controlled 
) by means of the series of throttle plates at the point where the 
duct joins the test chamber. 
Test Arrangement C—Booster. The intake was from the 
room through an inlet duct, and the discharge was through a dis- 
\ charge duct from which the air passed into the test chamber. 
' Flow was again controlled by the series of throttle plates at the 
end of the discharge duct. 


a 


ARRANGEMENT A. 


THROTTLE PLATE 


ARRANGEMENT B. 


TEST CHAMBER 


THROTTLE PLATE 


FAN 


” 


ARRANGEMENT D. 


Fie. 2 Fan Test InsTaLuaATions oF Basic Fan ARRANGEMENTS 


Test Arrangement D—Exhauster. The intake was again from 
the room through an inlet duct and the discharge was directly 
‘into the test chamber. The multihole throttle plate was used 
for flow control. 

The inlet static head was measured, when required, by means 
of an inclined draft gage, read to 0.005 in. of water. The dis- 
charge static head was measured by a vertical U-tube water 
manometer. The velocity heads at the points at which the static 
heads were measured were calculated from the flow measured by 
the nozzle and the areas of the ducts at these points. When the 
fan discharged directly into the test chamber, the discharge 
pressure was read at a point 33 in. upstream from the throttle 
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plate, or 2.7 chamber diameters after the discharge into the 
chamber. The nozzle differential was measured by means of an 
inclined-tube draft gage read to 0.001 in. of water. All draft 
gages were calibrated by means of a hook-gage manometer. Cor- 
rections were made to standard density, 0.07488 lb per cu ft, 
and to the fan speed of 1800 rpm. No measurements were 
made of power, since the scope of the investigation was limited 
to the study of the quantity-head characteristics. 

Tests were conducted, giving six points, evenly distributed, 
on each characteristic curve for each of the four basic arrange- 
ments. 


ANALYSIS OF DaTA 


Fig. 3shows the 12 quantity-head characteristics obtained from 
this fan by applying the three definitions of fan head to the four 
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Fig. 3 QuantiTty-HbAD CHARACTERISTICS OF AN EXHAUSTER 
Fan 


basic arrangements. The upper four curves are the total-head 
characteristics, while the lower group of curves are the static-head 
characteristics. These curves show the striking differences which 
exist between the characteristics for the different arrangements 
and for the various definitions of fan head. These differences 
show vividly the necessity for a very careful analysis of the defini- 
tion of the quantity-head characteristic of fans. This is es- 
pecially appreciated when it is recognized that these diverse 
curves represent results which may be obtained for a single fan by 
use only of definitions and arrangements which occur commonly 
in practice. 

Before presenting a detailed analysis of the characteristics for 
each basic arrangement, a general principle will be stated relative 
to the places at which heads are measured or expressed. In any 
arrangement or definition, heads existing at the inlet must be 
measured at some specified plane on the inlet side, and heads at 
the discharge must be measured at some specified plane on the 
discharge side. On the discharge side of a blower for example, a 
procedure of adding heads measured at two different places on 
the discharge side is utterly untenable. The discharge total 
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head must be obtained by adding velocity and static heads, 
both measured at the same plane. This principle has been violated 
unfortunately, on occasion, in practice. 

In arrangements where ducts are applied at the fan inlet or 
discharge, the heads are to be measured in the duct at a plane so 
located that the flow conditions have some measure of stability 
and uniformity. Where no duct is applied, the plane for head 
measurement may not be directly at the entrance to or exit from 
the rotor, because the uncertain flow conditions render impossible 
either the measurement or computation of heads at these places. 
The heads must be measured in these cases, at planes sufficiently 
removed from the fan inlet or discharge such that the kinetic 
energy at these planes is sensibly zero. In these circumstances 
the total head equals the static head. 

Having established the places at which heads must be meas- 
ured, indicated at 7 and d in Fig. 1, we may now proceed with 
the analysis of the characteristics as obtained for each basic 
arrangement. 
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Fie.4 QuantiTy-HbapD CHARACTERISTICS OF AN EXHAUSTER 
Fan SHown By Basic Fan ARRANGEMENTS 


Arrangement A. It is recalled that arrangement A is for the 
bare fan, of either propeller or housed type, with no inlet or dis- 
charge ducts attached. The inlet total head, measured at i, 
Fig. 1, is equal to the inlet static head since the velocity head is 
sensibly zero at the plane of head measurement. The discharge 
total head, measured at d, is likewise equal to the discharge static 
head. Therefore, the single characteristic curve, shown in Fig. 4, 
represents the quantity-head characteristics of arrangement A 
for all three definitions of fan head. 

Arrangement B. In arrangement B, which has a discharge 
duct but no inlet duct, the inlet heads are determined in open 
space at a plane 7, Fig. 1, and the discharge heads are measured 
in the discharge duct at a planed. The inlet static head will be 
equal to the total head. The discharge total head will be greater 
than the discharge static head by the amount of the discharge 
velocity head, all measured at planed. This difference will cause 
the total-head characteristic to be higher than the static-head 
characteristic by the discharge velocity head, as shown in Fig. 
4. However, the two definitions of fan static head give the same 
characteristic curve. 

Arrangement C. As shown in Fig. 1, both inlet and discharge 
ducts are used in arrangement C. Therefore, the inlet heads are 
to be determined in the inlet duct at a plane 7, and the discharge 
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heads are to be determined in the discharge duct at a plane d. 
The inlet total head is greater than the inlet static head by the 
amount of the inlet velocity head. The discharge total head is 
greater than the discharge static head by the discharge velocity 
head. These circumstances cause the static-head (first defini- 
tion) characteristic to be lower than the total-head characteristic 
by the discharge velocity head, as shown in Fig. 4. The second 
definition of fan static head is equivalent to adding the inlet 
velocity head to the fan head obtained by the first definition. 
This would, in general, make necessary three distinct char- 
acteristic curves applying to this arrangement. For this par- 
ticular fan, however, the inlet velocity is the same as the dis- 
charge velocity, since the two ducts are of the same area. This 
makes the characteristic curve obtained by the second defini- 
tion of fan static head coincide with the characteristic obtained 
by use of the fan total head. 

Arrangement D. In arrangement D, it is recalled that there is 
an inlet duct but no discharge duct. The inlet heads are deter- 
mined in the inlet duct at a plane z, while the discharge heads are 
measured at plane d, in open space at a distance sufficiently re- 
moved from the fan outlet that the velocity head is sensibly zero. 
The inlet total head and inlet static head, measured at plane 7, 
differ by the inlet velocity head. The discharge total head is 
identical with the discharge static head, both measured at plane 
d, since the discharge velocity head is zero. Thus, the total- 
head characteristic and the static-head characteristic given 
by the first definition of fan static head will coincide, while the 
static-head characteristic given by the second definition of fan 
static head will be greater than these two by the inlet velocity 
head. 

The various quantity-head characteristics for the four basic 
installation arrangements present the differences and equalities 
summarized in Table 1. It is seen from this table that a total of 
eight curves is required for the three head definitions and for the 
performance of fans arranged in the four basic installations shown 
in Fig. 1. 


CHARACTERISTICS OF VARIOUS Fan TYPES 


The foregoing analysis applies to fans provided with mounting 
flanges for inlet and discharge ducts, and thus adaptable to four 
possible installation arrangements. All fans do not have flanges 
to receive inlet and discharge ducts, however, and are thereby 
subject to certain limitations. The possible installation arrange- 
ments, the required test arrangements and the resulting char- 
acteristic curves for various fan types may now be established. 

All fans may be classified under the four following types: 

1 Fans with no mounting flanges for inlet or discharge ducts. 
Wall-type propeller or disk fans are frequently of this type. 

2 Fans with no inlet-duct mounting flanges, but with dis- 
charge-duct mounting flanges. This is the common blower-type 
fan. 

3 Fans with mounting flanges for both the inlet and dis- 
charge ducts. 

4 Fans with inlet-duct mounting flanges, but no discharge- 
duct mounting flanges. 

A wall-type propeller fan which is provided with no connec- 
tions for ducts must be classified under type-1. It must be 
tested under arrangement A, and since this arrangement provides 
the only possible method for mounting such a fan, the single 
characteristic curve fully defines its performance. 

A usual-type blower, having flanges for mounting only a dis- 
charge duct, is an example of type-2. The performance of this 
type fan for all its possible installation arrangements can be 
defined fully by three characteristic curves determined under test 
arrangements A and B. 

Table 2 presents for each type of fan (a) all possible installa- 
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TABLE 2. NUMBER OF ARRANGEMENTS, CHARACTERIS- 
TICS, AND eA SL FOR VARIOUS FAN 


Possible Necessary Number 


installation test of char- Number of curves 
arrange- arrange- acteris- Per Per 
Fan type ments ments tics instal. type 
1 No ducts.......; A A 3 1 1 
2 With discharge-duct { ut A 3 L 3 
flange only....... lB B 3 5 
A A 3 1 
3 With flanges for B B s 2 
discharge and inlet 8 
dictates ace He Cc 3 3 
\D D 3 2 
4 With inlet-duct es . | F 
flange only....... D D 3 2 } : 


tion arrangements, (b) the corresponding necessary test arrange- 
ments, (c) the number of characteristics possible for each in- 
stallation arrangement, (d) the number of curves required to por- 
tray the characteristics for each installation arrangement, and 
(e) the total number of curves required to portray all the char- 
acteristics possible for a given type of fan. The most significant 
,deduction to be made from Table 2 is that from one to eight 
“curves are required to portray the possible characteristics for 
the various fan types. It must be remembered that these char- 
acteristics are in strict accordance with the three currently used 
definitions of fan head as applied to the installation arrangements 
for which each type is adaptable. 


DEVELOPMENT OF FAN-HEAD DEFINITION 


The purpose of a fan characteristic is to delineate useful and 
direct information regarding how the fan will perform in its in- 
stallation. Specifically, the quantity-head characteristic shows 
the quantity of air which will be delivered against a certain re- 
sistance in the intended installation. It now becomes neces- 
sary to evaluate the three fan-head definitions to discover 
which of these truly contribute useful information toward this 
objective. 

The fan-head definitions are each made up of various combina- 
tions of static and total heads at inlet and discharge. Let us first 
dispose of the heads on the inlet side. It will be shown that the 
only head on the inlet side which contributes a useful function 
in defining the fan characteristic is the total head. 

Referring to the arrangement with no inlet duct, Fig. 5, let the 
inlet total head be measured at some point P at a distance from 
the fan inlet, the velocity being negligible at that point. Then 
let the static and velocity heads be measured at a point Q very 
close to the fan inlet, no inlet duct being used. At point P all of 
the energy is in the form of static-head or pressure energy. There 
are practically no losses in energy in the air in flowing from P to Q. 
The gain in kinetic energy at Q is at the expense of the pressure 
energy atQ. Expressed as a simple relation 


— hug + hig 


Now let an ideal inlet duct (no inlet or wall-friction losses) be 
attached to the faninlet. Let P be located outside the duct, again 
,at a point of negligible velocity, and let Q be located inside the 
duct. Under these circumstances we again find that the total 
head remains constant from P to Q regardless of the kinetic-energy 
increase at Q. Thus, the fan, either without any inlet duct or 
with an ideal inlet duct, does not add any energy to the air before 
the air actually enters the fan rotor. This is counter to some 
current conceptions. For example, a fan draws air from the 
atmosphere. Then at point P, the total head and static head are 
both zero. At point Q the sum of the static and velocity heads 
are also zero. Any kinetic energy which the air possesses at fan 
inlet was not produced by the fan, but at the expense of a corre- 


hip = h,p 
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sponding decrease’in pressure energy in the air stream. The fact 
is, that any energies existing at the fan inlet are supplied to the 
fan and not by the fan. 

The ideal inlet duct is now replaced by an actual inlet duct. 
Because of the inlet and wall-friction losses the total head at Q 
will now be less than at P. The energy which goes to the fan 
at the fan inlet is still exactly and only the total energy in the air 
at the inlet, regardless of losses or other conditions which exist 
up to the fan inlet. The conclusion is that in any definition of 
fan head, we must debit to the fan the energy supplied to the fan 
by the air at the fan inlet. This energy supply is the inlet total 
head and is equivalent to h,; for fans without inlet ducts, and to 


(hs + h,;) for fans with inlet ducts. 
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This eliminates the second definition of fan static head used 
throughout this paper, which erroneously credits the fan with the 
inlet velocity head. 

Let us now consider the heads at the discharge side of the fan. 
In general, the resistance of the external system into which the fan 
discharges air is overcome by the energy of the discharge pres- 
sure. The only way by which the discharge kinetic energy of the 
air may have utility in overcoming resistance is by the introduc- 
tion of a diffuser which converts kinetic energy into pressure 
energy. If the diffuser is applied at the fan discharge it should 
be considered as part of the fan and the discharge static head 
which is measured in this case would include the recovered 
kinetic energy at the fan outlet. If, on the other hand, the 
diffuser is installed at some point in the external system, it be- 
comes a part of that system and any conversion of energy made 
by use of the diffuser cannot be properly credited to the fan. 
The authors, therefore, propose that in defining the fan head the 
discharge velocity head be entirely disregarded and the dis- 
charge static head only be used. 

Consider two fans X and Y, having equal discharge total 
energy for equal quantity discharged, but fan X having a much 
larger portion of kinetic energy. These fans are not of equal 
utility for purposes of overcoming resistance. The purposes of 
factors such as good housing design and large outlet area are to 
convert kinetic energy to pressure energy. In most cases, if 
not in all cases, the fan should not be credited with unconverted 
kinetic energy. 

We are now in a position to develop a definition of fan head. 
The fan head which gives the most useful information regarding 
fan performance in its installation is one which measures the 
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energy increase from the energy level of the air at the fan inlet 
to that energy level at the fan discharge which is directly usable, 
that is, without further conversions, in an external system. We 
have shown that at the fan inlet, the fan must be debited with 
both the pressure and kinetic energy existing there, while at the 
discharge of the fan, only the pressure energy may be properly 
credited to the fan. 

The foregoing requirements for a fan-head definition are met 
precisely by the first definition of fan static head used throughout 
this paper. Specifically, the fan head to be used in the quantity- 
head characteristic is defined as the discharge static head minus the 
inlet total head. In arrangements which have discharge ducts, 
the discharge static head is measured in the duct at a specified 
plane so located that the flow conditions have some measure of 
uniformity. In arrangements without discharge ducts, the dis- 
charge static head is measured in the space into which the fan 
discharges. In arrangements which have inlet ducts, the inlet 
static and velocity heads are measured in the inlet duct at a 
specified plane so located that the flow conditions have some 
measure of uniformity. In arrangements without inlet ducts the 
inlet total head is the static head measured in the space from 
which air is supplied to the fan. 


TABLE 3 NUMBER OF ARRANGEMENTS, CHARACTERIS- 
TICS AND CURVES FOR VARIOUS FAN TYPES, BASED 
ON STANDARD DEFINITION OF FAN HEAD 


Possible Necessary Number 


installation test of char- Number of curves 
arrange- arrange- acteris- _ Per er 
Fan type ments ments tics instal. type 
1 No ducts........ A A 1 1 1 
2 With discharge-duct {3 A 1 1 \ 2 
flange only....... B B 1 1 
A A 1 1 
3 With flanges for B 
discharge and in- rs C ; : 4 
let ducts......... 
D D 1 1 
4 With inlet-duct { A A 1 1 \ 2 
flange only....... D D 1 1 


Using this definition of fan head, the complete schedule of 
fan types is given in Table 3, with all possible installation arrange- 
ments and corresponding necessary test arrangements, and the 
number of characteristics and curves required to completely 
portray the performance of each fan type. 

From Table 3, it may be seen that for type-1, only one char- 
acteristic is possible, while for type-3, four characteristics and 
four curves are necessary to cover the four possible installation 
arrangements. The fan classified as type-3 is reported upon in 
this paper, the four characteristic curves being the four lower 
static-head characteristics shown in Fig. 3. Incidentally, the 
discharge velocity head, which is not included in the fan head, 
may be conveniently and usefully portrayed by plotting h» vs Q, 
as shown in Fig. 3. This curve is identical for all possible ar- 
rangements which have discharge ducts, depending as it does 
only on the quantity discharged and the area of the discharge 
duct. 


Quantity MbasuREMENT 


A word need be said as to the measurement of the quantity 
term in the quantity-head characteristic. First, it should be 
recognized that by no means must the quantity be measured 
at the point at which a head is measured. The quantity may be 
measured at any convenient place in the system. Further, de- 
pending upon the test arrangement indicated for the particular 
cases, various acceptable methods of quantity measurement 
become more convenient and economical. The pitot tube, 
nozzlé} and orifice are among the acceptable methods of measure- 
ment of air quantities in fan testing. Conditions of accuracy 
of these methods are under continual study by experimenters, 
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and are eventually set forth in codes. In arrangements without 
inlet or discharge ducts, the use of nozzles or orifices in the walls 
of a large test chamber becomes an accurate, convenient, and 
economical method. In:arrangements using small inlet or dis- 
charge ducts, nozzles or orifices at the entrance to inlet ducts or 
at the exit from discharge ducts are satisfactory. In very large 
ducts, nozzles, and orifices become more expensive, and the pitot 
tube is perhaps more satisfactory. In moderate-size ducts, the 
choice from among the acceptable methods of air measurement 
may be based upon considerations of convenience and availability 
of materials. 


DEFINITION OF QuANTITY-HEAD CHARACTERISTIC 


The definition of fan head to be used in determining the quan- 
tity-head characteristic of a fan has been established. The 
quantity term is not subject to definition, but must be measured 
by some acceptable method. The quantity-head characteristic 
may now be defined as the relation between the quantity dis- 
charged and the defined fan head for a specified installation 
arrangement. Fan head is defined as the discharge static head 
minus the inlet total head. 

It has been pointed out that for certain type fans there are- 
possible more than one characteristic as defined by the established: 
fan-head and quantity measurements, depending on the number 
of possible installation arrangements to which the fan may be: 
adapted. Each particular fan type, however, is designed pri- 
marily for use in a particular installation arrangement which may 
be termed its primary arrangement. That characteristic which 
is obtained by use of the test arrangement corresponding to the 
primary installation arrangement of each type fan may be 
termed the primary characteristic for each type. For general use,. 
then, this primary characteristic only need be determined, but. 
with the understanding that this characteristic will not neces 
sarily apply when the fan is installed in any arrangement other 
than its primary one. Thus, for fan type-1, with no mounting: 
flanges for inlet or discharge ducts, and thus having only one» 
possible arrangement, the only possible characteristic is the 
primary one. For the fan classified as type-2, the ordinary blower- 
with only a discharge-duct mounting flange, and thus having two 
possible arrangements, the primary arrangement is considered 
to be that with a discharge duct attached. The primary char- 
acteristic will be that obtained using test arrangement B, the 
blower arrangement with the discharge duct attached. The 
primary arrangement of a fan classified as type-3 having mount- 
ing flanges for the inlet and discharge ducts, is that in which both 
inlet and discharge ducts are used. The primary characteristic 
is, therefore, that obtained by use of test arrangement C, which 
has both ducts attached. The primary arrangement for type-4 
is that in which the inlet duct is attached. The primary char- 
acteristic is that obtained by test arrangement D. Thus, for any 
type of fan there may be established a primary arrangement and a 
single corresponding primary characteristic. 

For the fan reported on in this paper, using the several fan- 
head definitions in common use and the four possible arrange- 
ments, 12 characteristics were originally determined and shown. 
By use of the established definition of fan head, the possible 
characteristics reduce to four. Of these four characteristics that 
one is considered the primary characteristic which shows the 
performance of the fan when installed in its primary arrangement 
which, for this fan, is the one with both inlet and discharge ducts 
in place. This characteristic isshown by the curve marked H,¢ 
in Fig. 3. If the fan is to be installed in any other of the four 
possible arrangements it may not be taken for granted that this - 
primary characteristic applies, but a separate test must be con- 
ducted to determine the characteristic for the intended arrange- - 
ment. 


PRO-57-3 


Drying Problems of the Ceramic Industry 


By JOHN L. CARRUTHERS,! COLUMBUS, OHIO 


The purpose of this paper is to outline and discuss the 


» various problems encountered in designing and operating 


ceramic-drying systems, and to indicate the several meth- 


_ ods that may be used in attacking the more difficult prob- 


lems that arise. 
The process of drying clay wares may be a relatively 
simple one or it may be quite complex. This is due to 


| (1) wide variations in production requirements in different 


= 


_ must be dried before the glaze can be applied. 


since 1921: 


industries, (2) extreme differences in the physical charac- 
teristics of clay bodies used, and (3) various sizes and 
shapes of different products. In many cases, the methods 
and equipment used may appear to be very slow and inef- 
ficient when considered in the light of modern drying prac- 
tice. Their use is generally justified, however, when all 
factors are taken into consideration. However, this does 
not imply that all present systems are best suited for their 
particular task. 

The problems discussed in the paper center around the 
development, maintenance, and determination of safe, 
rapid, and economical drying rates and the reduction or 
prevention of ware losses in order to increase drying and 
manufacturing efficiencies. 


N MANUFACTURING some wares, drying is immediately 
i followed by a firing process, which in its early stages could 

function as a drying process, since there is a supply of heat 
and a suitable means for removing water vapor. Vitreous floor 
tile and small porcelain wares are commonly dried in the kiln, 
because the pieces are small and fragile and must not be sub- 
jected to unnecessary handling. However, a drying process is 
ordinarily required for the following reasons: (1) To give ware 
sufficient strength to be handled in loading kilns. (2) Kiln dry- 
ing increases the time of the firing cycle thus requiring ad- 
ditional equipment. (3) There is danger of the ware being 
marred by kiln scum which forms if sulphur gases come in contact 
with water in the surface layers of the clay ware. (4) The ware 
(5) The tempera- 
ture and humidity of the kiln gases cannot be readily controlled 
within the desired limits for satisfactory drying conditions. 


REQUIREMENTS OF THE DryiInG PrRocEss 


The most important requirement is safe drying which means 
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that the ware from the drier will be free of any defects that may 
be caused by improper drying conditions. Any ware spoiled 
during drying is practically worthless except in the few cases 
where cracked ware can be patched or repaired. Expenditures 
on spoiled ware are lost and the salvaged clay is of little value. 

Clay wares should ordinarily be dried rapidly and uniformly 
and to the hygroscopic or regain water content (2 to 4 per cent). 
However, in some cases complete drying is not desired, because 
the ware may be too brittle for handling when bone dry, or it 
is too expensive to remove the last small percentage of water 
from the ware while in the drier. Also, several partial drying 
processes are used in the industry, e.g., drying of filtered clay for 
dry pressing and conditioning of clay blanks for turning, re- 
pressing, or “sticking.” 


Ware Forminc Meruops 


A consideration of the methods used to form ceramic wares is 
necessary in the solution of drying problems, since some of the 
physical characteristics of the plastic and dry pieces will be 
affected by the method used. Following are brief descriptions of 
forming methods with lists of products indicating some of the 
conditions encountered: 

1 Dry Pressing. A slightly moistened or damp clay body in 
dust form (water content 6 to 15 per cent) is placed in a steel mold 
and then compacted by the application of pressure to the die. 
The pressure may vary from several hundred to several tons per 
square inch. Products: Floor and wall tile, low-tension electri- 
cal porcelain, special refractories, and fire-clay bricks and shapes. 

2 Stiff-Mud Extrusion. A semiplastic clay body (water con- 
tent 15 to 25 per cent) is forced through an orifice or die which 
controls the dimensions of the cross-section of the piece. The 
extruded column is cut into required lengths by steel wires. 
Products: Common, face, glazed, paving, and fireclay brick; 
hollow building tile; telephone conduit; sewer pipe; drain tile; 
roofing tile; spark-plug cores; machine-made terra cotta; and 
blanks for electrical porcelain bushings. 

3 Soft-Mud Forming. A soft plastic clay body (water con- 
tent 20 to 30 per cent) is either modeled by hand or is pressed by 
hand or by mechanically operated mandrels into plaster, wood, or 
steel molds. Wares made in plaster molds are partially dried in 
the mold so that they may be easily removed and also to develop 
sufficient strength for handling and finishing. Products classi- 
fied by name of process are: (a) Hand modeling—terra-cotta 
statuary, saggers, glass pots, and pottery. (b) Throwing on 
potter’s wheel—art pottery and specialties. (c) Jiggering (plas- 
ter molds)—dinnerware, stoneware, chemical porcelain, and art 
ware. (d) Hot pressing (plaster molds)—electrical porcelain. 
(e) Machine pressing (plaster and steel molds)—roofing tile, 
flower pots, saggers, and crucibles. (f) Hand pressing (plaster 
molds)—terra cotta, faience tile, and chemical stoneware. (g) 
Hand and machine pressing (wood molds)—common and fire- 
clay brick, and refractory shapes. 

4 Casting. A clay-water mixture of the consistency of cream 
(water content 20 to 40 per cent) is poured into plaster molds. 
The clay is deposited on the side walls of the molds as the water 
is absorbed by the plaster. The use of electrolytes in the mix- 
ture makes it possible to use relatively small amounts of water. 
The ware must dry to a rigid condition by absorption while in 
the mold to permit removal. Products: Hollow shapes in dinner- 
ware, art pottery, saggers, and sanitary ware. 

5 Additional Forming Methods. Other methods may be required 
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to complete the piece only partially formed by one of the preced- 
ing operations. These methods either change the structure of the 
clay body or develop other conditions which may influence the 
drying operations. The methods are: (a) Repressing—applied 
to stiff- and soft-mud products, such as paving and fireclay brick. 
Preliminary drying is necessary with soft-mud products. (0) 
Finishing or tooling of surfaces—applied principally to wares 
formed in molds. (c) Turning on a lathe—spark-plug porcelains 
and electrical insulator bushings. (d) Mitering or “Sticking’”— 
two or more pieces formed separately are combined by pressing 
the adjoining surfaces together, using a very soft plastic clay or 
clay slip as the bonding agent. This method is used for cup 
handles, sewer-pipe fittings, closet bowls, and terra-cotta corner 
pieces. 
Dryinc PROBLEMS 


The various problems of ceramic drying comprise: (1) Elimi- 
nation of ware losses in drying; (2) developing faster safe rates of 
drying for clay bodies and shapes; and (3) developing methods 
for determining, experimentally, the safe drying time. 

Elimination of Ware Losses. The seriousness of this problem 
depends upon local conditions. Ware losses may be due to crack- 
ing, checking of surfaces, warping, strains, slumping, efflorescence 
or “drier scum,” blistering, or other troubles. The causes of 
these troubles may be in the drying system or may be attributed 
to raw materials or processing. There may be a lack of control 
in the system preventing the maintenance of uniform drying 
conditions, or there may be changes in the properties of the raw 
materials. Also, processing conditions are encountered that 
markedly influence the drying behavior of the ware. Unless such 
changes can be anticipated, it is impossible to know that drying 
conditions should be altered until after a considerable amount of 
ware has been spoiled. 

Cracking, checking, warping, and strains in the ware are all 
due to drying at excessive rates, which set up too extreme varia- 
tions in shrinkage throughout the piece and prevent an adjust- 
ment of the stresses. The actual fault developed will depend 
upon the degree of localized shrinkage, the shape and position of 
the piece, and the strength of the clay body. The factors in- 
fluencing the rate of drying and the development of these troubles 
are humidity of the air; velocity of air; direction of air flow; 
temperature of the air and ware; size and shape of the piece; 
diffusion and shrinkage characteristics of the clay body; water 
content; and strength of the clay body. 

Slumping is due to the absorption of water condensed from 
humid air on the surface of the piece. Also, plastic clay wares 
may slump if they are heated in a humid atmosphere that permits 
little, if any, drying. The increase in temperature lowers the 
viscosity of the water, and the clay-water mixture cannot support 
its own weight. Blisters are caused by air entrapped in surface 
layers of the piece. If the clay is softened by condensation and 
the air expanded by heating, then a blister will be formed. Efflor- 
escence or ‘drier scum” is due to either soluble salts in the clay, 
brought to the surface during drying, or formed by the reaction 
between sulphur gases in the drier chamber, water and minerals 
in the clay. Other items that may cause a loss of ware are vi- 
brations of conveying equipment, poor handling of the ware, or 
lack of provisions for shrinkage when setting the piece. 

There are three general methods which may be used to solve the 
problem of ware losses. The choice of method will depend upon 
the results of an analysis of the prevailing conditions and the 
weight of the various factors. The mode of attack may be 
along any of the following lines: 

(a) The use of a drier that may be closely controlled over a 
fairly Vide range of drying conditions and changes in atmospheric 
conditions. This may require remodeling or replacing existing 
driers. 
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(b) The use of a control system which will eliminate changes in 
the drying system or the drying behavior of the clay ware. Ware 
of uniform characteristics should be delivered to the drier. How- 
ever, possible variations in clays and processing conditions be- 
yond the control of the drier or its operator often prevent satis- 
factory drying. 

(c) Change the physical properties of the clay body, where 
possible, so that the ware can be safely dried under conditions 
that can be economically maintained in the existing equipment. 
This method is discussed in more detail in the next section. 

2 Development of Faster Safe Drying Rates. A reduction in 
the excessive safe drying time required in many clay plants 
would have several obvious advantages. The solution of this 
problem is by improving drier designs and techniques or the 
application of ceramic technology. Research work in ceramics 
during the past ten years has made available new information on 
the nature of clays and methods of varying them, especially in 
respect to their drying behavior. Consequently any of these 
methods, or others, may be the most desirable one to use, pro- 
viding the drier equipment is satisfactory. 

Rapid drying is not always desirable from an economic stand- 
point, especially with wares such as dinnerware, stoneware, or 
art pottery. In some plants, a supply of partially fabricated 
ware is maintained at several stages of the manufacturing process 
in order to meet fluctuations in production orders. Conse- 
quently, storage rooms in which the ware is dried slowly are more 
economical than regular driers since this procedure eliminates an 
extra handling. Also, there are some types of ware, such as glass 
pots, which seem to have better service qualities if they are dried 
slowly. 

Changes in drier design or operation quite often make it pos- 
sible to dry ware safely at rates that would be disastrous with the 
existing system. Cut-and-try methods may be required to ob- 
tain the desired results due to conditions often difficult to explain. 
Several features of design or methods of operation, that might be 
investigated in the remodeling of old driers or the design of new 
ones, are as follows: 

(a) Direction and velocity of air flow. This feature is quite 
vital with many products. Whenever possible, all surfaces 
should have uniform treatment. ; 

(6) Location of heating units. Rapid safe drying has been 
obtained in some driers by placing the steam-radiator elements 
in the drying chamber. This arrangement eliminated the neces- 
sity for a large recirculating-air volume to deliver the required 
units to the ware. 

(c) Heating the ware before placing it in the drier or heating 
it (with little drying) in a controlled humid atmosphere at the 
start of drying, will ordinarily make possible the use of increased 
drying rates. 

(d) Provide a uniform air circulation throughout the ware 
setting, especially in continuous driers. If all ware does not re- 
ceive the proper initial treatment due to poor circulation, then 
the rapid drying conditions later on will damage that ware not 
properly treated. In some cases the ware setting in the drier 
may require adjustment. 

(e) Adjust air volumes and temperatures to prevent condensa- 
tion of water vapor on the ware. 

(f) Both continuous and intermittent drying systems have 
definite applications in the industry. A change from one type to 
another is sometimes indicated. 

There are several methods, based upon application of ceramic 


technology that may be used to increase the safe drying rate of a © 


clay or make it possible to dry certain clays satisfactorily for 
commercial use. These methods alter various physical proper- 
ties that govern or influence the rate at which the clay may be 
safely dried. The properties are shrinkage, pore structure, and 
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strength which are dependent upon the grain size, the amount and 


state of colloids of the clay, the water content, and the nature of 


_ materials to decrease shrinkage. 


the minerals in the clay. Briefly, the methods are: (a) The 
addition of a non-plastic material or a less-plastic clay to de- 
crease shrinkage in drying. (b) Preheating the clay at tempera- 
tures between 400 and 500 F to alter the character of the colloids 
and thus decrease shrinkage in drying. (c) Coarser grinding of 
(d) Weathering of raw clay, 
additional tempering, aging the plastic body, addition of an or- 
ganic bond, or the addition of a more plastic clay may be used to 
increase the strength of the clay. (e) A small amount of sodium 
chloride (NaCl) added to a clay has been effective in several 
cases. (f) The addition of an electrolyte to flocculate the colloi- 
dal material. This increases the strength of the body and appar- 
ently increases the rate of water diffusion. (g) A chemical treat- 
ment to cause an exchange of bases in the colloidal material. 

In some cases, drier troubles are due to the development of 
planes of weakness or strains in the pieces by faulty forming 
processes. The presence of auger, die, or hand laminations, 
pressure planes, etc., will require the use of slow drying rates to 
prevent heavy ware losses. 

Determination of Safe Drying Rates. At the present time, 
there is no correlation between the drying behavior of trial pieces 
under controlled laboratory conditions and that of actual pieces 
of ware in commercial driers. A solution of this problem is 
needed for advancing the art of drying clay wares. The deter- 
mination of required drying rates in commercial driers is a very 
expensive proposition. 

Considerable work has been done both in this country and 
abroad to obtain more information in regard to the nature of 
clays and the forces or agencies that govern or influence phe- 
nomena such as shrinkage, diffusion, vapor pressures. Other 
studies have been made to determine what relationships there 
might be between humidity, temperature, pressure, water content, 
shrinkage, or clay characteristics and drying behavior. While 
much valuable information has been obtained, the methods now 
available for determining the safe drying time of a clay when 
formed into a definite shape are of a cut-and-try nature. The 
problem is exceedingly complex since there are many variable 
factors that must be considered. 


SUMMARY 


The problems discussed center around the development, main- 
tenance, and determination of safe, rapid and economical drying 


) rates and the reduction or prevention of ware losses in order to 


_ increase the safe drying rate. 


increase drier and manufacturing efficiencies. 

The principal factors involved in the solution of the problems 
are: (1) Requirements for drying systems; (2) manufacturing 
methods employed; (3) the physical characteristics of clays and 
product shapes; (4) ordinary phenomena of drying such as tem- 
perature, humidity, air flow (direction and velocity), heat trans- 
fer and vaporization; and (5) economic considerations. 

The methods that may be used in solving the existing prob- 
lems include the following: : 

(1) Provide correct drying conditions for the ware by remodel- 


_ing or replacing existing driers so as to eliminate ware losses or 
‘ inerease safe drying rates. Also, provide suitable control meth- 


ods and apparatus. 

(2) Improve the drying behavior of the clay bodies by alter- 
ing their physical properties so as to prevent ware losses and to 
This general method can only be 
used when the quality of the finished product is not adversely 
affected. The methods that may be employed are (a) the use 
of non-plastic or less-plastic materials, (6) chemical treatment, 
(c) the addition of stronger clays or organic bonds, (d) the use of 
additional processes such as preheating, weathering and aging, 
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and (e) varying the methods used in grinding and tempering the 
clay. 

There are plants that are continually encountering many of 
the difficulties described, while others seldom have drier troubles. 
However, the industry as a whole encounters these problems 
continually and only by recognizing that there are problems can 
improvements be made. 

It is believed that the art of drying ceramic wares in the major 
portion of the industry is on a fairly high level when considera- 
tion is given to the complexity and wide variations in the compo- 
sition and properties of clays, the variety of products made, the 
different processes used in manufacturing, and the science of 
drying. 
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Discussion 


A New Basis for the Rating 
of Roller-Chain Drives' 


Norman Arnoup.? Refinements in methods of design are 
handicapped in their adoption unless the mathematical work in- 
troduced by the change can be made simple. At the suggestion 
of Professor Bartlett, an effort has been made to devise a simple 
graphical method for performing the computations on the basis 
set forth in his paper. 

The method here developed employs an alignment chart with 
a sliding scale, a device that is not as common among engineer- 
ing computing diagrams as its convenience and simplicity war- 
rant. Attention is called to the three mathematical conditions 
which must be satisfield. They are obtained from Equations 
[22] and [27] and Table 1 of the original paper: 


1000 hp 
= SOT DM nc. ae DD, 
MN, ~ (22] 


1 Published as paper MSP-57-1, by G. M. Bartlett, in the April, 
1935, issue of the A.S.M.E. Transactions. 


1000 h 

= Y 2112.7) P Bde a. 4s-.2 P45: [27] 
Nyy 

(A My (fer 11012 4 oie sng Oe ORS See Ole a Table 1 


The right-hand members of these inequalities involve pitch» 
bushing length, wt per ft, ete., all of which are constants for any 
particular standard chain. The author supplied tabulated 
values of the right-hand members for the various standard 
chains; and these values were used in preparing the chart. 

It will be noted that 1000 hp/M, is contained in both Equa- 
tions [22] and [27], therefore, in preparing the alignment chart, 
this division can be performed first, and the result used in solving 
both Equations [22] and [27]. On the accompanying chart, 
Fig. 1, this division is carried out by drawing a straight line 
through the points on the scales for Ni and hp to the Q-axis, 
(dashed line A in the figure). The inequality 22 is satisfied by 
any chain whose number appears on the X-scale above the index 
line from the point on the Q-axis to the value of Np» (line B in the 
figure). In general, the conditions limiting the rpm are satis- 
fied by chains whose numbers are nearer the bottom of the chart 
than the given rpm, m; and inequality 27 is satisfied by chains 
whose numbers are on the Y-scale above the index line from the 
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Operation: (1) Draw index A through Mi and hp to the Q-axis, 


chain is satisfactory if index C cuts the inclined line with that number, 


(2) draw index B from the Q-axis to Ns, (3) draw index C from the Q-axis to m1. A 
and if index B passes below the number on the X-scale, and if the allowable 


rpm for the number of teeth, Ni, as obtained from the rpm diagram, is not exceeded. 
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point on the Q-axis to m. Therefore, both are satisfied by chains 
in the inclined lines cut by the index line from the Q-axis to m1. 

As an example, let it be required to select a chain to transmit 
7 hp over sprockets having 15 and 50 teeth, where the smaller 
wheel turns 800 rpm. (1) Draw the index line, A, from 15 on Mi 
through 7 on the horsepower scale to the Q-axis. (2) Through 
this point on the Q-axis draw an index line, C, to m = 800, and 
note that chains Nos. 50 60, and 80 (cut by this line), satisfy 
two of the three conditional equations. (8) The index line, B, 
from the Q-axis to Ne = 50, cuts the X-scale below chains Nos. 60, 
80, 100, etc., only two of which satisfy the first two conditions. 
Hence, either chain No. 60 or chain No. 80 is satisfactory for this 
example. 

This chart as shown is for single chains only. If it is found 
that a single chain will not satisfy the conditions, the chart 
may be easily modified to select multiple chains on the same 
basis. If the horsepower scale is made movable along its axis, 
then to select double chains, the arrow at 5 on the horsepower 
scale is matched with the arrow marked “double,” and the 
chart is used in the same manner as just described. The pro- 
cedure for triple and quadruple chains is obvious. Incidentally, 
shifting the horsepower scale in this way has the effect of dividing 
by 2 for double chain, by 3 for triple chain, and by 4 for quad- 
tuple chain. Therefore, one can use the chart as it is, if the 
horsepower is divided by 2, 3, or 4 as the case may be, when select- 
ing multiple chains. 

The conditions limiting the rpm are not completely fulfilled 
by the alignment chart, therefore, after tentatively selecting a 
chain by means of the chart one should refer to the rpm diagram 
shown here, or Table 1 in the author’s paper, to make sure that 
the allowable speed is not exceeded. It will be observed that the 
No. 60 chain found in the example is satisfactory for 1500 rpm 
unless the number of teeth is greater than 17; above 17 teeth a 
gradual reduction in speed must be made. No. 80 chain is 
satisfactory for 940 rpm if the number of teeth is less than 24, 
and above 24 teeth a gradual reduction must be made as shown 
by the inclined portion of the curve marked 80. 

The time required to select a chain by means of the chart is 
‘seldom greater than a minute if Ni, No, m, and hp are known. 
Obviously, the chart may be used inversely to find the maximum 
horsepower which may be transmitted or the limiting numbers of 
teeth that satisfy the two equations and the set of rpm curves. 


AUTHOR’s CLOSURE 


The closure can be used to no better advantage than to sum- 
marize briefly the conclusions of the mathematical research ad- 
vanced in the paper and to add appropriate remarks relative 
to the possibilities and limitations of the theory, the formulas, 
and the tables developed. 

Maximum Revolutions per Minute and Chain Velocities. Table 
1 of the paper should have been provided with heavy lines drawn 
so as to divide it into three areas: An upper left-hand area 
showing figures calculated from formulas [6] and [7]; an upper 
right-hand area calculated from formulas [8] and [9]; and a lower 
left-hand area calculated from formulas [4] and [5]. Each of 
these formulas contains a constant the value of which can be 
determined properly only from practical tests. Arbitrary values 
have been used in this table only to show the general plan. They 
are subject to change so as to conform to facts as they may be 
discovered from a study of actual performance in practice. 

Formulas [8] and [9] affecting the upper right-hand area of 
the table are built upon a theory the only excuse for the existence 
of which is that it seems to satisfy, to an approximate extent, the 
general belief that centrifugal force in some way limits the allow- 
able ‘chain velocity. Not only are the constants in formulas 
[8] and [9] subject to change, but also the structure of the for- 
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mulas may be changed in case a more plausible theory is discov- 
ered. 

Merely changing the constants in formulas [4] to [9], inclusive, 
would not alter the theory on which they are based. If, for 
example, it is found that the figures for a 17-tooth sprocket 
carrying a No. 40 chain should be 10 per cent higher than those 
given in Table 1, the constants in formulas [8] and [9] can be 
increased 10 per cent and this would increase most of the figures 
in the upper right-hand area and cause a shift in the location 
of the line dividing that area from the lower left-hand area. 

Conditions for a Uniform Chain Elongation. This mathemati- 
cal research on the rapidity of chain wear has been conducted on 
the assumption that it would be desirable to know just how the 
life of a roller chain is affected, in theory at least, by changes in 
pitch, width, pin diameter, chain length, and the number of 
sprocket teeth. Disregarding centrifugal pull, the effect of which 
is almost negligible, it is concluded from formulas [20] and [21] 
that if uniform conditions of lubrication and service are assumed, 
the rate of chain elongation due to wear is proportional to 


H(M + N2)/BPN\NoL, 


If now it is assumed that all chain drives are to be designed so 
that, under uniform conditions of lubrication and service, the 
chains will reach a 3 per cent elongation at the end of a specified 
number of hours of service, as 10,000 hours for example, the 
horsepower to be transmitted would have to be calculated from 
the formula 


H = KBPNNiL,/(Ni + N2).......--- [22a] 
where K is a constant to be determined by experiment. The 
constant K has been taken tentatively equal to 0.023 for the 
sake of illustrating the use of the formula and of tables computed 
from the formula. This formula and the ones given later in this 
closure are numbered as supplements to those given in the paper 
to facilitate reference to the paper. 

In order to simplify the horsepower tables computed from 
formula [22a], it has been further assumed that the chain length 
L, contains in every case as many links as there are teeth in the 
two sprockets. That is, the tabulated horsepowers in Table 3 
in the paper are for chains containing exactly (Ni + N2) links. 
This must not be overlooked since, when L, = Ni + Naz, the 
center distance is very much shorter than would be used in the 
average drive, and Table 3 is only designed to give horsepower 
ratings for drives having short center distances. In a drive using 
16 and 25 teeth, Ni1N2 = 400 and the chain length is assumed as 
16 + 25 = 41. The center distance would then be about 10 
pitches, and at 1200 fpm the rated horsepower is 7.3. If the 
chain length is doubled the center distance would be about 31 
in., which is much closer to the average distance in actual practice. 
This makes the rated horsepower 14.6 instead of 7.3 as found in 
the Table 3. 

If Tables 3 and 4 had been based upon an assumed minimum 
chain length of 2(Ni + Ne) pitches, the constants in formulas 
[26], [28], and [80], inclusive, would be doubled, the horsepower 
ratings in the upper right-hand area would all be increased, and 
the heavy stepped line would be moved to a higher position. 

Table for the Selection of a Suitable Chain. Table 5, given with 
this closure, illustrates an attempt to provide some means by 
which a proper chain can be quickly selected for a drive when the 
horsepower, the number of teeth N; and Ns, the revolutions per 
minute, and the approximate center distance (in pitches) are 
known. Disregarding the slight effect of centrifugal action, but 
taking account of the chain length, we have from formula [28] 


H = 0.023PBNiN2 L/(N; + No)........ [28a] 


| 


va 
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Substituting 2C + [(Ni + N2)/2] for Lin form- TABLE 5 VALUES FOR THE SELECTION OF ROLLER CHAINS 
ayers = : i — -Single-width chains Triple-width chains—— 2. 
ula [28a], this substitution being sufficiently ac Bed Pitch St Pitch 
curate, we obtain : chain and chain and 
x Z no. width xX V6 Z no. width 
< 2.46 0.185 2662 35N 3/s X 3/16 7.41 0.555 2662 T35N 3/s x 2/ 
H = 0.023PBN,N2[2C/(M, + N2) + 1/2} 4:00 0.314 2500 41 1/2 x %/, 12.05 0.942 2500 T41 1K 1/, 
[28b] 4.96 0.427 2310 40 1/2 X 5/ie 14.90 1.281 2310 T40 1/2 X 5/; 
a a 7.69 0.850 1830 50 5/3 X 3/s 23.10 2.550 1830 T50 5/s X 2/s 
11.90 1.534 1500 60 3% X 3/2 35.60 4.700 1500 T60 3/; X t/> 
H = 0.0127PBdNim........ (29b | 202208 3.470 “9409 80 15<'5/5 60.5 10.41 940 T80 1 xX 5/, 
30.50 6.320 645 100 11/4 X 3/4 91.5 18.96 645 T100 11/4 xX 3/, 
: ; Aen 11.43 «= 2 RToO, 1a 142.0 34.29 520 T120 11/21 
The horsepower rating can now be said to be 37.8 16.00 370 _ 13/s ip ee 48.00 370 T140 13/ x 1 
’ (95 325 x 11/4 241.8 74.85 325 T160 2X 11/ 
the lesser of the two values computed from 1220 51.26 240 200 2%/2X 11/2 366.0 153.78 240 T200 21/2 X‘11/s 
formulas [280] and [296]. The effect of a change Double-width chains —— Quadruple-width chains 
in center distance is shown in the following ex- 4.95 0.370 2662 D35N %/s X 2/15 9.90 0.740 2662 Q35N 2/s X S/:6 
EN 8.06 0.628 2500 D41 1/2 X 1/4 16.10 1.256 2500 Q41 1/2 X 1/4 
pie. 9.93 0.854 2310 D40 %/2 X s/; 19.84 1.708 2310 Q40 ‘1/2 X 5/16 
Let P = lin. N, = 15, N2 = 21, C = 21, 15.40 1.700 1830 D50 &/¢ X 3/s 30.80 3.400 1830 Q50 5/2 X 3/5 
23.70 3.065 1500 D60 3/; X 1/r 47.4 6.130 1500 Q60 8% X 1/2 
and the speed = 547 rpm. Then the rated 40.30 8-040 940 DB0, 1 re 3/s 80.6 13.88 940 Q80 1X 5/z 
. 61.0 12.64 645 11/4 X 3/, 121.8 25.28 645 Q100 114 x3 
Sie gleen tn a chang BOS Mme eet wt ee Be Se eee 
istance i i 115.7 2 PEEG! 231. 4. 7 140 18/4 X 1 
If the center dista. npg a = prcches, 161.0 49.90 325 D160 2» 11/; 322.4 99.80 325 Q160 2X 1! 
the rated horsepower is one and two-thirds times 244.0 102152 240 D200 21/2 x 11/2 488.0 205.04 240 Q200 21/3 x’ 11/, 


as great, or 17.5 hp. 
Now from formulas [28b] and [296] 


1000H 
23PB = —  ——__......... 28 
WiN2[2C/(N, + Na) + 1/2] og 
IZ 7EBd o— 1000H/Nim........ 0.088 [29c] 


The first member of formulas [28c] and [29c] has a fixed value 
for each standard chain, and the second member has a particular 
value for each chain drive. 

In this closure the author gives a table, numbered Table 5 as 
a continuation of the table numbers given in the paper. In 
Table 5, column X shows values of 23PB for the several standard 
chains listed in Table 1 of the paper. The column headed Y 


' shows values of 12.7PBd for the same chains, and the column 
headed Z gives the max rpm for a 17-tooth sprocket as listed in 


Table 1 of the paper. 
If we compute 
1000H 
NiN2[2C/(Ni + Ne) + 1/2] 
and 
y = 1000H/Nim 
for a proposed drive, and z is taken as the revolutions per minute 
of the smaller sprocket, it is then only necessary to refer to the 
table for a set of values of X, Y, and Z, each of which is greater 
than x, y, and z. The standard chain number is then found in 
column 4 of Table 5. In most cases there will be several possible 
selections, and the one highest in the list will usually be the most 
economical. A quick reference to the table of maximum revolu- 
tions per minute will give an adequate check on the selection. 
As an example, let it be required to select a chain to transmit 
15 hp over sprockets having 15 and 25 teeth, the smaller wheel 
turning at 900 rpm, and the center distance to be about 30 
pitches. Then 


- 1000 X 15 
~ 15 X 25{ [(2 X 30)/(15 + 25)] + 0.5} 
= 1000 X 15/15 X 900 = 1.111, andz =m = 900 


In Table 5, sixth row from top, the values of X, Y, and Z are 
20.20, 3.470, and 940, respectively, all of which are greater than 


the required values. The standard chain number is 80 and is a 


l-in. pitch chain. It will be noticed that double-, triple-, and 
quadruple-width chains are listed as well as the single-width 
chain. If a selection cannot be made from the list of single 


chains, reference is made to the double-width chains, then to 


triple-width or the quadruple-width chains. In this case chain 


number D60 could be used but it would not be as economical as 
the single-width chain No. 80. 

Referring to J. N. Arnold’s discussion, the difference in the 
results obtained from his chart and those obtained by ‘the method 
just described is due to the fact that the author is here taking 
account of the effect of a change in center distances, whereas 
Mr. Arnold’s chart was designed to give results corresponding to 
formulas [28] and [29] and to Table 3. Doubtless Mr. Arnold’s 
chart could easily be modified to take care of varying center dis- 
tances if desired. 

Effect of an Excessive Number of Teeth. One more comment 
seems to be important. An inspection of Table 4 of the paper 
shows that in the case of drives having over 60 teeth in the larger 
sprocket the horsepower ratings seem to run higher than they 
should. The reason for this is that the present research has dealt 
only with the rate of chain elongation and has not taken into 
account the fact that, whereas chains operating over sprockets 
with less than 60 teeth can often stretch 3 per cent before being 
discarded, this is not true where the sprockets have considerably 
more than 60 teeth. ; 

In the case of 90 teeth the chain will climb very nearly to the 
top of the teeth when the elongation is only 2 per cent; and this 
means that the allowable life of the chain on a 90-tooth sprocket 
is only two-thirds as great as one running on a 60-tooth sprocket. 
To take account of this a note may be attached to Table 5 stating 
that, where V2 is more than 60, the values of z are to be multi- 
plied by N2/60 before being applied to the table. 


The Leakage of Steam Through 
Labyrinth Seals’ 


R. L. Scoran.? The subject of flow through labyrinth 
seals has received rather limited study, even though it has been 
known for sometime that the older formulas do not always give 
reliable results. Mr. Egli’s paper will no doubt form a weleome 
addition to the literature of this field. 

It should be pointed out, however, that the static tests referred 
to in this paper do not simulate the real conditions of operation. 
In practice, the leakage steam flows in a different sort of channel, 
one part of which is stationary while another part, the shaft, 
rotates at high speed. It has not been demonstrated that the 
leakage is independent of the speed of rotation. Furthermore, 


»1 Published as paper FSP-57-5, by Adolf Egli, in the April, 1935, 
issue of the A.S.M.E. Transactions. 

2 Mechanical Engineering Department, autoad University, Cali- 
fornia. 
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the argument presented here is confined to the gas phase of the 
flowing fluid, that is, superheated steam. In some cases, the 
steam entering the seal will be wet or only slightly superheated. 
Under these conditions, the effect of supersaturation and water 
drops further complicate the problem. In view of the wide 
variety of designs used in practice and the absence of precise infor- 
mation regarding supersaturation and the behavior of entrained 
water drops, it would seem expedient at this time to investigate 
experimentally the leakage through various labyrinth construc- 
tions using a rotating-shaft element. Such experiments would 
not only provide reliable leakage data for the particular construc- 
tions tested but would also serve as a helpful check on the rational 
theoretical treatment of the problem. 


H. G. Yarss.? The writer is interested in knowing if Mr. Egli 
has studied the effect of inclining the baffle strips at an angle of 45 
deg. Glands of this type in conjunction with a spring mounting 
have been found satisfactory. It is uncertain, however, how far 
their good sealing properties are due to the inclination and how 
far to the accurate maintenance of fine clearances by means of the 
spring mounting. Any gain in sealing properties would probably 
be proportionately smaller with very fine clearances (of the order 
of 0.01 in. or less) as the small radius, which necessarily exists on 
even a “sharp” baffle strip, would assume proportionately greater 
importance, and the constriction would cease to be a sharp-edged 
orifice and would tend toward one with well-rounded edges. It 
is presumably this effect which gives rise to the curves of Fig. 18 
of the paper. An important advantage of the inclined baffle 
strip is that in the event of local heating due to a momentary rub, 
the strips tend to cockle up away from the shaft rather than to 
expand toward it. 

Another gland which has been employed frequently is of the 
“straight-through” type but with the baffle strips adjacent to a 
number of thin closely pitched ribs turned on the shaft or gland 
sleeve, of different pitch from the strips themselves, so that there is 
no fear of a straight blow-through if the rotor should be moved in 
an axial direction. Besides having the property of rapid cooling 
in the event of a rub, it is believed that the ‘‘valleys” between the 
ribs or pips serve to break up the steam flow and give almost as 
good a seal as a gland of the well-staggered type. The writer 
would welcome Mr. Egli’s opinion on this. 


B. Hopkinson. Mr. Egli refers more than once in his 
paper to the high velocity through the last throttling and points 
out that the Fanno line may at this stage be departed from. 

A way of allowing for this in the calculation suggests itself. 
The pressure before the last throttling may be taken as twice the 
final pressure, and the calculation carried only to this point. In 
other words, the last throttling could be done away with, and the 
final pressure doubled. This would raise the calculated figure 
slightly, except in odd cases, and in the light of some tests at 
Trafford Park, Manchester, on a grooved valve spindle, would 
make the answer more reasonable, because we found a greater 
mass flow than appeared, according to calculation, to be possible. 

The odd cases where the calculated discharge would not be 
increased occur when 72/7; is higher than about 0.2, and then the 
last throttling probably does not carry sound velocity. Most 


3 English Electric Co., Ltd., Rugby, England. 

4 Turbine Experimental Section, Mechanical Engineering Depart- 
ment, Metropolitan Vickers Electrical Co., Ltd., Manchester, Eng- 
land. 
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practical labyrinths operate with p2/p; a good deal less than 0.2. 
Thus, it would be well to use the above suggested way only when 
p2/p1 equals, say, 0.1 or less. 


AUTHOR’s CLOSURE 


The author fully realizes the fact, mentioned by Prof. R. L. 
Scorah, that the actual flow conditions are not correctly simulated 
in the static tests referred to in the paper. Some of Friedrich’s® 
tests, which were made with a rotating shaft, show the effect of 
peripheral speed to be rather small. At 200 ft per sec the decrease 
of leakage due to the speed of the shaft has been found to be 3.4 
per cent. For moderate peripheral speeds, therefore, the static 
tests will not be much in error. 

There is a further point with a view to simulating the actual 
flow conditions, which has been neglected in the static tests. 
It is the exact shape of the edges of the sealing strips after they 
have been rubbing in the running turbine. The strip generally 
becomes burred over and the sealing edge is no longer sharp, as 
assumed in the static tests, but is in cross-section shaped rather 
like a mushroom. The characteristic function y of such a mush- 
room-shaped throttling undoubtedly is somewhat different from 
the function y of a sharp-edged orifice shown in Fig. 2 of the 
paper. It would be principally possible to determine this function 
by testing a single ‘‘mushroom-shaped”’ strip. Curves ¢ versus 
pn/po similar to those of Fig. 7 of the paper could then be con- 
structed with the methods there presented. For most practical 
purposes, however, the ¢ curves of Fig. 7 will be sufficiently 
accurate. 

The author has had no experience with the sealing properties 
of the particular types of baffles described by H. G. Yates, and 
does not believe that by inclining the labyrinth strips the amount 
of leakage for a given clearance should descrease measurably. If 
such glands have proved successful in the turbine, it apparently 
is due to the maintenance of a fine clearance. The “‘straight- 
through” type seal with strips adjacent to a mumber of closely 
pitched ribs is probably somewhat tighter than the “straight- 
through” type gland referred to in the paper. It is his opinion, 
however, that this type of packing will not reach the good sealing 
properties of a well-staggered labyrinth. The leakage jet issuing 
from one clearance very easily ‘‘bridges” over the narrow ‘‘val- 
leys’”’ between the ribs by simply maintaining a series of stationary 
vortices in each valley. 

The method of considering the great pressure drop across the 
last throttling, as suggested by H. B. Hodkinson may give fairly 
correct results, although the assumption of the pressure before 
the last throttling to be twice the final pressure is quite arbitrary. 
There is, however, no need of treating separately the last throt- 
tling when following the methods outlined in the paper. The 
curves of Fig. 7 and 7a automatically take into account the flow 
characteristics of each throttling in the labyrinth including the 
last one. 

The physical nature of the leakage flow along a grooved valve 
stem, to which Mr. Hodkinson refers, is quite different from that 
in a labyrinth packing. Here the loss of kinetic energy due to 
friction in the narrow space between stem and bushing must be 
taken into consideration whereas in a labyrinth the friction in 
the short passage through the throttling gap plays a minor réle 
only. 


5 “Untersuchungen ueber das Verhalten der Schaufelspaltdichtun- 
gen in Gegenlauf-Dampfturbinen,’’ by H. Friedrich, Mitt. Forsch. 
Anst. G. H. H., Oct., 1933. 
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Cause and Prevention of ‘Turbine-Blade 
| Deposits 


By FREDERICK G. STRAUB,? URBANA, ILL. 


A survey was made of power plants encountering turbine- 
blade deposits and it was found that this trouble results 
from contamination of the steam by the boiler water. 
A study in the laboratory showed that sodium hydroxide is 
the material which causes the sticking to the blades. It 
was also shown that when the sodium hydroxide is neu- 
tralized and changed to a salt such as sodium carbonate, it 
will not adhere. The presence of sufficient amounts of 
inert salts, such as sodium sulphate, with the sodium 
hydroxide also will stop the deposit from forming. 

The action of sodium sulphate in preventing the blade 
deposits was studied in a large central power plant, and the 
deposit was materially reduced. A small testing unit for 
detecting the presence of adhering salts in the steam was 
developed and used in the power-plant tests. 


difficulty in the form of fouling of turbine blades. This 
difficulty has become of major importance in many large 
stations whereas it has only meant annoyance in other stations. 

There are several types of deposits which form on the turbine 
blading and cause this fouling. One is that which is apparently 
caused by a deposition of solids carried in the steam from the 
boiler water and another is that caused by a chemical reaction 
between chemicals in the steam and the material in the turbine 
blade. The first type is most common and is readily distin- 
guished because it is largely water-soluble and is washed off with 
comparative ease, whereas the other type adheres tenaciously to 
the blades. 

The difficulty caused by the deposition of solids carried in the 
steam appears to be the one causing the major difficulty. The 
efforts of this research have been expended entirely toward the 
study of this type of deposit and no study has been made of the 
other type. 


GTeitcity in th generating stations have encountered 


1 Part of the research conducted in cooperation with the Utilities 
Research Commission, Chicago, Ill. Published by permission of 
Dean M. L. Enger, Director, Engineering Experiment Station, Uni- 
versity of Illinois. 

2 Special Research Assistant Professor in Chemical Engineering, 
University of Illinois. Mr. Straub was graduated from the Uni- 
versity of Illinois in 1920. After leaving the university, he was 
associated with Mellon Institute, Pittsburgh, Pa.; Semet Solvay, 
Syracuse, N. Y.; and Guggenheim Brothers Research Laboratories, 
New York, N. Y. He holds the degrees of Master of Science and 
Metallurgical Engineer from Pennsylvania State College. He has 
been conducting special research for the Utilities Research Com- 
mission, Inc., on boiler-feedwater treatment for the last eleven 
years at the University of Illinois. This has included work 
on determining the causes and methods of prevention of embrittle- 
ment in steam boilers and a study of the methods of preventing scale 
in high-pressure boilers. 

Contributed by the Power Division for presentation at the Annual 
Meeting of Tum American Society oF MecHanicaL ENGINEERS to 
be held in New York, N. Y., December 2 to 6, 1935. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until January 10, 1936, for publication in a later issue of 
Transactions. 

Nots: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


INDUSTRIAL EXPERIENCE 


A survey was made of power plants encountering this trouble 
as well as those not having difficulty with blade deposits. 

The summary of conclusions reached after assembling the 
available data in regard to turbine-blade deposits is as follows: 

(1) The deposits formed independent of steam pressure or 
temperature. 

(2) The deposits were not proportional to the total concentra- 
tion of solids in the boiler water. 

(3) The total solids in the steam were very low in many plants 
where deposits occurred. 

(4) The deposits all contained sodium present as hydroxide, 
carbonate, or silicate. 

(5) The deposits were practically all water-soluble. 


LABORATORY EXPERIMENTS 


PossisLe Cause or Deposits 


The deposits which were formed in the plants under considera- 
tion all originated in the boiler water. A small amount of the 
boiler water may be easily carried into the steam. Actually, 
this amount does not have to be more than one-tenth of one per 
cent of moisture in the steam to cause appreciable trouble at the 
turbine. Thus if a boiler water should contain about 300 ppm 
total solids, which is a rather low concentration, and one-tenth 
of one per cent of the steam were present as boiler water, the 
steam would contain 0.3 ppm of total solids. This appears a 
negligible amount; however, with a turbine using one million 
pounds of steam per hour, 8 lb of solids would pass through the 
turbine in 24 hr. If only 10 per cent of this were to adhere to the 
turbine blades, the efficiency and capacity loss would increase at 
an alarming rate. Thus if there is present in the boiler water any 
material which would cause adherence to the turbine blades, the 
better quality steam might cause appreciable difficulty. 

In order to determine whether there is present in the average 
boiler water material which would cause adherence or sticking to 
the turbine blade a study was made of the behavior of the various 
salts encountered in boiler waters as they pass from solution in 
wet steam to superheated steam. If only pure water were pres- 
ent in the boiler and a small amount of the boiler water were me- 
chanically carried into the steam and to the superheater, the 
droplets of water would vaporize in the superheater and no free 
moisture would be present in the superheated steam. However, 
if sodium chloride, sodium carbonate, or sodium sulphate were 
present in the boiler water the droplet of water entering the 
superheater with the steam would contain a dilute solution of the 
salt or salts. As the steam became superheated the water would 
vaporize and leave a dry salt or powder of the salt or salts with 
the superheated steam. Consequently, they would pass through 
the steam pipes and turbine as a fine powder or dust and cause 
no appreciable difficulty. This is based on the assumption that 
there is only a small percentage of moisture in the steam. How- 
ever, if sodium hydroxide were present this would not happen. 
This results from the fact that the behavior of sodium-hydroxide 
solutions is entirely different from that of the other salts dis- 
cussed. 
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When a solution of sodium chloride, carbonate, or sulphate is 
boiled, the solution is concentrated as the steam is released and 
the solution concentrates until a saturated solution is obtained. 
Any further release of steam results in the precipitation of the 
salt. Eventually, if the boiling is continued, all the water is 
evaporated and dry salt or salts are left behind. If a solution of 
sodium hydroxide is boiled, the solution concentrates with a 
continual increase in temperature until a concentration is reached 
where the concentrated solution is in equilibrium with the vapor 
pressure of the surrounding atmosphere and further heating will 
cause a release of steam to the surrounding atmosphere with an 
increase in concentration of the caustic solution and an increase 
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Fic. 1 ConcrentTrRATION oF NaOH 1n RELATION TO STEAM 
PRESSURE AND TEMPERATURE 


in the temperature of the solution. This is 
shown graphically in Fig. 1 and may be illus- 
trated as follows: 

If a drop of water containing sodium hy- 
droxide in solution leaves a boiler at a pressure 
of 600 lb per sq in. abs and enters the super- 
heater with the steam, the water will vapor- 
ize, thus concentrating the solution. When 
the temperature of the steam reaches 600 F 
the concentration of the caustic will represent 
about a 60 per cent solution, shown as A in 
Fig. 1. If the temperature and pressure re- 
mained constant, the droplet of caustic would 
remain 60 per cent sodium hydroxide and 40 
per cent moisture, even in contact with super- 
heated steam. As the temperature increases, 
the pressure remaining constant, the caustic 
concentration will increase. At a pressure of 
600 lb and a temperature of 700 F, the con- 
centration would be as shown at point B, an 80 
per cent solution. 

The concentration of caustic in equilibrium with superheated 
steam at various pressures and temperatures is shown in Fig. 1. 
This shows that the concentrations of sodium hydroxide reached 
in the average higher pressure plant is between 80 and 90 per cent. 
A solution of sodium hydroxide containing between 10 and 20 per 
cent moisture at these temperatures will be in a pasty or semi- 
fluid state and in going through the turbine will adhere to the 
blades. The other salts, present as a fine dust, will adhere with 
the sodium hydroxide, but not necessarily in the relative propor- 
tions in which they exist in the boiler water. When the tempera- 
ture of the steam in the turbine is lowered until saturated steam 
exists these salts will be dissolved and thus wash off of the blades. 
The experience which turbine operators have had with washing 
of turbines confirms this. 
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In order to substantiate this theory tests were run in the labo- 
ratory. The procedure followed in these tests was to produce 
steam in a small boiler, contaminate the steam with a solution of a 
desired salt or combination of salts, superheat the contaminated 
steam, pass the steam through an orifice so that it impinged on a 
stationary blade, and then condense the steam at a predeter- 
mined pressure. 

Fig. 2 shows the apparatus used for the tests. Condensed 
steam from the steam-heating system was passed through a small 
deaerating heater and then pumped to an electrically heated 
boiler to generate steam. The steam was then passed under 
pressure into the contaminator. The contaminator contained a 
dilute solution of the contaminating salt or salts and was so 
built that the steam entered the bottom, bubbled up through the 
solution, and was taken off at the top. The contaminator was 
heated by means of a hot plate to compensate for radiation loss 
and to maintain a constant level of solution. The steam leaving 
the contaminator was passed through an electrically heated su- 
perheater, then through an orifice so as to impinge on the re- 
movable blade, and then through a copper-coil condenser to the 
condensate storage. The steam pressure and the superheated- 
steam temperature were maintained constant by means of po- 
tentiometer temperature regulators. The temperature of the 
blade on the side opposite the point of steam impingement was 
recorded on a recording potentiometer temperature recorder. 
When a vacuum was maintained in the condenser this was done 
by evacuating the condensate storage to the desired pressure. 
The pressure in the container holding the blade was determined 
by means of a pressure gage. 

If the temperature and pressure existing in the generating 
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Fria. 2 


ASSEMBLY OF APPARATUS 


stations was in range of 600 lb and 700 F, a concentration of 
about 80 per cent sodium hydroxide would result. In order to 
simplify the construction of the test apparatus the tests were 
run at 45 lb per sq in. abs and 400 to 700 F, with a pressure of 
0.8 Ib in the blade chamber. Reference to the curve in Fig. 1 
will show that under these conditions the sodium hydroxide 
should reach a concentration of between 85 and 90 per cent. 
This concentration is in the range of that reached in turbines. 
The orifice was 1/15 in. in diameter and the blade was set at an 
angle of 30 deg to the line of steam flow leaving the orifice. 

The first tests were run for 22 hr with 2 grams sodium hydroxide 
added to the contaminator and the temperature of the super- 
heated steam varied between 400 and 700 F. Deposits formed 
on the blades. The theoretical composition of the sodium hy- 
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droxide in the steam at the time of contact with the blade during 
these tests varied from about 85 per cent at-400 F to about 98 
per cent at 700 F. Tests run with distilled water alone in the 
contaminator gave clean blades. When sodium chloride was 
added to the contaminator and tests run at 500 F, no deposit 
formed on the blade in the area of high velocity. Similar tests 
with sodium sulphate gave like results. Trisodium phosphate 
and sodium silicate both formed deposits on the blade. 

The sodium-hydroxide, silicate, and phosphate deposits were 


formed because hydroxide was present in all these salts. If this 
is true, any chemical added to 
the contaminated steam which 

‘ ‘Pressure 


would neutralize the hydroxide 
should prevent the hydroxide 
from forming. In order to prove 
this hypothesis the apparatus 
was modified so that carbon di- 
oxide could be slowly added to 
the steam beyond the contami- 
nator and ahead of the super- 
heater. The carbon dioxide, if 
present in excess, should react 
with the hydroxide to form 
sodium carbonate. This salt 
should exist as a dry powder in 
the steam and no deposit should 
form. When carbon dioxide was 
added after contamination with 
sodium hydroxide, sodium sili- 
cate, and sodium phosphate, no 
deposits formed. This showed 
conclusively that the sodium hy- 
droxide was the binding or ad- 
hering agent, and if it were changed to carbonate prior to reach- 
ing the blade, no deposit would form. 

In order to study the possibility of the utilization of carbon- 
dioxide treatment the apparatus was modified so that the carbon 
dioxide could be added to the superheated steam instead of the 
wet steam. When tests were run using this method of treatment 
the deposits continued to form even when large excesses of carbon 
dioxide were present. 

This change in the action of the carbon dioxide is easily ex- 
plained. When the gas is added to the wet steam the sodium 
hydroxide in the droplets of water is in a dilute solution. In 
this state the carbon dioxide also is soluble in the water de- 
pending upon its partial pressure in the steam. As the two chemi- 
cals are in dilute solutions, they are strongly ionized and will 
react readily so that the sodium carbonate is formed before the 
steam is superheated. However, when the steam is superheated 
before adding the carbon dioxide the excess water present is con- 
verted to steam and the sodium hydroxide is present in the form 
of a highly concentrated solution, more than 80 per cent NaOH. 
In such a solution the hydroxide is only slightly ionized, the car- 
bon dioxide is present in the steam as a dry gas, consequently 
there is practically no reaction between the gas and the sodium 
hydroxide. This appeared to make the carbon-dioxide method 
of treatment rathér complicated. 
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CoNCENTRATION OF Caustic NECESSARY FOR DEPOSIT 


After this substantiation of the hypothesis that sodium hy- 
droxide is the basic adhering material in the turbine-blade de- 
posits it seemed desirable to obtain further data on the limiting 
concentration of sodium hydroxide in the steam which would 
cause blade deposition and on other methods of prevention of 
this troublesome deposit. 

In the apparatus already described the carry over or contami- 
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nation of the steam was excessive in the early period of the test. 
This was shown by the fact that with a constant water level in the 
contaminator the concentration of the contaminating salts 
steadily decreased. At the same time it was almost impossible 
to know the amount of contamination in the steam at any par- 
ticular time. 

In order to overcome these objections the apparatus was re- 
designed as shown in Fig. 3. The blades were made from watch 
springs (?/s in. by 0.020 in.) and were removed at the end of each 
test. The steam nozzle was made by slotting the end of the tube 
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Fic. 3 AsspMBLY oF APPARATUS, REDESIGNED 


and this brought a sheet of steam in contact with a curved blade 
in a manner similar to that in which the steam strikes the blade 
of a turbine. 

The contamination was brought about by pumping the solu- 
tion containing the desired concentration of chemicals into a 
small reservoir where it was held at a definite pressure by means 
of a ball-seat pressure regulator. The excess liquid leaving the 
regulator was returned to the pump suction. The reservoir was 
connected through a small capillary orifice to the steam line 
ahead of the superheater. The steam pressure was maintained 
constant by means of a steam pressure regulator connected 
through relays to electrical heat controls on the boiler. 

With a constant pressure drop across the orifice the amount 
of contaminating liquid entering the steam through the orifice 
was constant and depended upon the pressure drop across 
the orifice which was under definite control. About 0.55 
+ 0.02 lb per lb per hour of contaminating liquid was fed into 
the steam. The total amount of steam—steam from boiler plus 
steam from contaminator liquid vaporized in the superheater— 
passing through the nozzle was about 10 lb per hr. 

The water fed to the boiler was condensed steam from thesteam- 
heating system which had passed through an electrically heated 
boiling deaerating heater prior to being pumped to the boiler. 
The boiler pressure was maintained at 40 lb gage. Several pres- 
sures in the chamber holding the blade were used. 

Tests were then run using the new apparatus and holding the 
vacuum in, the blade chamber at 20 in. of mercury. With the 
sodium hydroxide in the steam (calculated) at 48, 18, 5, 2, and 
1.5 ppm deposits formed in 20-hr tests. Tests in which distilled 
water was added to the steam gave no deposit. When the steam 
was passed through the nozzle there was a marked change in ve- 
locity. The calculated velocity in the steam line ahead of the 
nozzle was 21.5 fps. The velocity through the nozzle was 1175 
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CHEMICALS ADDED TO STEAM, 


TESE PEK 
NO. Na OH Naz SO, St 02 
138 Wome MS = 
139 /.67 7 = 
/4O 1.74 _ ae 
149 1.4 = 0.87 
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Fie. 4 PHoToGRAPHS oF BLADES AFTER TESTS 


fps, and the velocity past the blade was 950 fps. Thus the ve- 
locity at point of contact with the blade was approximately 
1000 fps. 

The maintenance of a vacuum in the blade holder complicated 
the operation of the test. Consequently, tests were run in which 
atmospheric pressure was maintained in the blade holder. With 
such a change in conditions the velocity of the steam in the holder 
dropped from a nozzle velocity of 1175 fps to 320 fps. Undoubt- 
edly the velocity at the point of impact with the blade was still 
in the range of 1000 fps. Tests run under these conditions with 
4, 5, 4.0, 3.2, and 2 ppm of sodium hydroxide added to the steam 
gave deposits in the 20-hr tests. This showed that a deposit 
would form with the sodium-hydroxide content of 2 ppm in 20 
hr. The remainder of the tests were run at this pressure unless 
otherwise noted. 

Sodium sulphate alone was added so as to have 10 ppm in the 
steam and no deposit formed. A mixture of sodium hydroxide 
and sulphate was then added so that the NaOH was 4.2 and the 
NaSO, 8.6 ppm in the steam and small deposits formed, but not as 
much as that formed by the sodium hydroxide in the absence of 
the sodium sulphate. ‘Fhe sodium hydroxide was then increased 
to 5.8 and the sulphate to 25 ppm and no deposit formed. This 
test was followed by one with a sodium-hydroxide concentration 
of 2.9 ppm and no sulphate. A definite deposit formed. This 
appeared to indicate that the sulphate was preventing the hy- 
droxide from adhering to the blade. 

Tests were then run with the sodium-hydroxide concentration 
held constant at 3 ppm and the temperature at 350, 400, and 
615 F. A deposit formed in all these tests, indicating that 
changing the temperature did not have much effect upon the 
tendency of the sodium hydroxide to adhere to the blade. 

The theoretical composition of the sodium hydroxide in the 
steam leaving the nozzle and in the blade holder are given in 
Table 1 for these temperatures. This shows that the caustic soda 
is adhering over a range of approximately 50 to 93 per cent and 
possibly a greater range, and illustrates the fact that tempera- 
ture does not materially affect the tendency to deposit if the steam 
is superheated. 

The procedure followed in running these tests involved attach- 


ing the blade holder after the steam was superheated and re- 
moving it while the steam was still superheated. Modification 
of this procedure so as to attach the blade holder before the steam 
was superheated but while the caustic solution was being pumped 
into the steam gave a condensate having a distinct caustic alka- 
linity which corresponded with the theoretical contamination. 
However, when the steam was superheated the condensate was 
practically free from sodium hydroxide. This showed clearly 
that the sodium hydroxide was being removed prior to the con- 
densing of the steam. The deposit on the blade showed that the 
last bit of sodium hydroxide was being removed there. 

It was doubtful that all the sodium hydroxide was being re- 
moved at the blade since a large amount was undoubtedly being 
removed in the superheater and piping ahead of the nozzle. At 
the end of each run the wet steam was run through the super- 
heater and pipe after the blade holder had been removed. This 
contained appreciable amounts of caustic soda and proved that 
it was depositing in the superheater. 

In order to determine the actual amount of sodium hydroxide 
in the steam at the nozzle and to see how completely it was being 
removed at the blade the apparatus was redesigned so that the 
conductance and pH value of samples of the contaminated steam 
and condensed steam before and after the blade holder could be 
determined. The boiler, superheater, blade holder, and con- 
denser were the same as those previously used. A steam sampler 
was installed just ahead of the nozzle. The 3/s-in. steam pipe 
was expanded into a 1!/,-in. pipe in which two 1/s in. tubes had 
been inserted. These were drilled with small holes. The !/s-in. 
TABLE 1 THEORETICAL CONCENTRATION OF SODIUM HY- 

DROXIDE IN STEAM BEFORE AND AFTER NOZZLE 
——Na0OH in steam— 


Steam press. Steam Pressure Before In blade 
gage, lb per temp, in blade nozzle, holder, 
sq in. F holder per cent per cent 

40 350 atm 45 63 

40 400 atm 62 75 

40 500 atm 79 87 

40 600 atm 90 93 


tubes passed through condensers to a valve on the cool side of the 
condenser. In this manner a small amount of the contaminated 
superheated steam was removed continuously from the steam, 
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condensed under pressure, cooled, removed, and passed, without 
exposure to the air, to a conductivity cell and a glass electrode. 
Thus the conductance and the pH value of the condensed con- 
taminated steam were determined. The condensed steam leaving 
the condenser after the steam had passed over the blade was also 
passed through a conductivity cell and a glass electrode. A 
comparison could thus be made of the values obtained from the 
condensed steam. 

Distilled water was used for make-up. It was passed through 
the electrically heated boiling deaerating heater to remove dis- 
solved gases such as oxygen and nitrogen and was pumped to 
the boiler. With this type of boiler feedwater the condensed 
steam from the boiler had a conductance of 0.05 X 10-6 mho or 
less. 

When feedwater of this better quality was used the test procedure 
was modified so that the larger blade was weighed before and 
after the tests. The time of the tests was reduced from 20 to 
5'/2 hr. Tests for carbon dioxide were also run on the con- 
densed steam after the blade in some cases. 

Tests were run under these new conditions. 
photographs taken of the blades after the tests. The blades 
have been flattened out. These results are interesting because 
they show that when sodium hydroxide is added to the steam in 
amounts as low as 0.55 ppm appreciable deposits, 2.7 mg in 51/2 
hr, formed. This concentration in the steam is a maximum 
value. 

The results in Table 2 also show that sodium sulphate and di- 


TABLE 2 RESULTS OF TESTS USING STEAM CONTAMINATED 
WITH SULPHATE, CHLORIDE, AND PHOSPHATE 


(Steam pressure 40 lb gage; steam temperature 500 F; pressure in blade 
holder, atmospheric; conductance of boiler feedwater, between 0.33 and 
0.50 X 10-6 mho) 


Fig. 4 shows 


: Increase 

Chemical contami- Specific conductance in CO2 

nation in steam X 10°§ mho, condensed weipht after 

Test ahead of super- —— steam samples——— of blade, blade, 
no. heater, ppm Before blade After blade mg ppm 
137B None 1.00 0.91 0.83 0. Sie 
156 5.9 Na2SO. 3.72 3.67 2.38 0.2 0.9 
158 5.5 NaCl 2.15 2.21 1.42 1.5 0.4 
160 1.3 NaHoPO, 1.68 1.38 1.33 0.0 0.4 
159 5.4 NasPO« 6.90 5.95 3.38 ns 1.0 


sodium phosphate did not cause deposits to form, whereas tri- 
sodium phosphate and sodium chloride caused small deposits to 
form. 


PREVENTION OF DEPposIT 


Table 3 shows the results of tests run with varying amounts of 
sodium sulphate when the sodium-hydroxide content was con- 
stant. When the ratio of the sodium sulphate to the sodium 
hydroxide was 4.4 and greater the deposit did not form. This 
checked with the previous results and indicated that the presence 
of a sufficient amount of sodium sulphate with the sodium hy- 
droxide prevents the formation of a deposit on the blade. 

The addition of sodium chloride to the sodium sulphate so that 
the ratio of sodium sulphate to sodium hydroxide was 3.3 and 
sodium chloride to sodium hydroxide was 2.5, or the ratio of the 
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total of the sodium sulphate and chloride to the sodium hydrox- 
ide was 5.8, did not entirely prevent the deposit; however, the 
deposit was less than it would have been with the sulphate alone 
present with the hydroxide, indicating that sodium chloride when 
present with the sulphate aids in the prevention of the deposit. 

The presence of silicate along with the hydroxide tended to 
decrease formation of the deposit. When the sodium sulphate 
was present in an amount four times the sodium hydroxide, only 
a small deposit formed. This indicated that the sulphate was 
also effective in the presence of the silicate. 
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Fie. 5 Apparatus Usep ror HigHpeR-PRESSURE TESTS AND 
CONTAMINATION OF STHAM FRoM BoILeER WATER 


EFFrect oF CoNTAMINATING THE STEAM WitTH BoILER WATER 


In the tests previously run the contamination was accomplished 
by adding the desired chemicals to the steam. This showed that 
if these chemicals were present in the steam the deposits could be 
formed or prevented. However, it seemed advisable to deter- 
mine the actual ratios of the inhibiting chemicals necessary in 


TABLE 3 RESULTS OF TESTS USING STEAM CONTAMINATED WITH SODIUM HYDROXIDE, SULPHATE, AND CHLORIDE 
(Steam pressure 40 lb gage; steam temperature 500 F; pressure in blade holder, atmospheric; conductance of boiler feedwater, between 0.33 and 0.50 x 1078 


mho) 
i J ination i Increase CO2 

“SECES Ga Ope ioe fom aaain Ratio——— Specific conductance X 10°* mho, jn weight after ie 
Test NaOH Na2SOx NaCl Na2SOs NaCl -——condensed steam samples—— of blade, _ blade, Before After 
no. ppm : ppm : ppm ; NaOH NaOH Before blade After blade mg ppm blade blade 
139 1.67 = 0.0 LG 1.70 1.89 0.88 5.2 Jah 6.3 
145 1.50 5.5 oe 3.66 os D287, 2.28 shale 1.5 ree: 6.3 
147 1.50 6.6 2 4.4 ay 2.14 2.15 1.53 0.3 are 6.3 
150 1.23 5.2 3 4.2 a 1.75 1.93 1.47 1.6 ee soa a 
214 1.85 9.25 = 5.0 as oie 4.13 3.18 0.2 re, 8.4 ag 
138 1.54 11.3 : 7.3 2 4.65 4.55 3.03 0.0 Pes a. we 
148 1.50 5.0 3.7 3.3 2.5 1.23 1.29 1.24 0.5 0.7 ne bis 
146 1.6 ree 3.0 ae 1.8 1.52 1.86 1 00 5.4 0.7 ae Nee 
215 1.80 9.02 1.80 5.0 1.0 veer 5.30 4.03 0.1 Saxe J F 
1 Using steel condenser, others using copper condenser. 


2 PO, also present 1.1 * NaOH. 
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TABLE 4 RESULTS OF TESTS USING STEAM CONTAMINATED WITH BOILER WATER 
(Steam pressure 600 lb gage; steam temperature 700 F; pressure in blade holder 500 lb gage; conductance of boiler feedwater, between 0.33 and 0.50 


0-6 mho) 


Concentration of salts in boiler Increase 


ae 


—water ——Ratio—— Specific conductance X 10 mho, in weight i 
Test NaOH, NaCl, NaSOs, NaSOs NaCl condensed steam samples of blade, Before After 
no. ppm ppm ppm NaOH NaOH Before blade After blade mg blade blade 
259 165 sa aoe : Sis 3.33 1.11 12.4 8.7 6.4 
260 73 : noe 3.07 0.91 das 8.5 6.8 
264 100 Shi 437 4.37 sine 2.00 1.21 0.5 6.8 6.5 
268 120 100 632 5.25 0.83 1.43 1.05 —0.1 6.6 6.7 
269 260 72 1360 5.23 0.28 1.18 0.95 0.1 6.6 Gat 
270 170 ons sty : ater 2.50 0.91 13.7 8.3 7.0 


1 Steel condensers. 


the boiler water to prevent deposits. In such tests the contami- 
nation of the steam would result entirely from carry over from 
the boiler and the results would be more readily applied to actual 
operation. 

The apparatus used for these tests is shown in Fig. 5. The 
superheater and the equipment beyond the boiler involved the 
same type of equipment as used before, except high-pressure 
fittings were used and stainless-steel pipe (18-8) was used for the 
superheater and subsequent piping. The boiler involved the 
use of seven 1.1-kw electric heating cartridges. These were 
inserted from the bottom into tubes welded into the bottom of 
the boiler. The water level and the behavior of the solution 
during boiling was observed by means of sight glasses placed on 
opposite sides of the boiler. The heat imput was controlled by 
means of potentiometer temperature regulators so as to maintain 
constant temperature and pressure in the boiler. The boiler 
feedwater was the same as previously described. The chemical 
contamination of the boiler water was accomplished by pump- 
ing the desired amount of chemical into the boiler at the begin- 
ning of the tests. Samples of the boiler water were taken for 
analysis at the beginning and end of each test. Condensed 
steam samples were taken ahead of the superheater, ahead of the 
nozzle and beyond the blade holder and the conductance and 
pH values were determined. These tests were run for 5!/. hr 
at a steam pressure of 600 lb per sq in. and a total steam tempera- 
ture of 700 F. The orifice was changed to a round hole, No. 75 
drill, instead of a slot. The pressure in the blade holder was 
changed from atmospheric to 500 lb per sq in. gage, thus giving 
a pressure drop of 100 lb across the nozzle. The amount of 
steam passing through the nozzle per hour was the same as in 
the previous lower-pressure tests. 

When these tests were started the blades were found to be 
coated with a film of what appeared to be magnetic oxide. This 
coating formed all over the blade and appeared to be the result 


of a reaction between the superheated steam and the steel in Wy W 
the blade. When the pressure was dropped to 300 lb and the : \\\5 E 
p PP 7 WY 


temperature to 500 F, this action stopped. Stainless-steel blades, 
18 chromium, 8 nickel, were substituted for the steel blades. 
When the steam was of high quality and apparently contained 
no sodium hydroxide, the blade remained clean and was not at- 
tacked by the steam. When the boiler water contained sodium 
hydroxide the blades were attacked and became so brittle that 
they broke upon being removed. Substitution of monel-metal 
blades appeared to overcome these difficulties and a series of 
tests was run with this type of blade. The results of these tests 
are given in Table 4. 


PLANT EXPERIMENTS 


The results reported from many power plants indicate that 
the detection of the difficulty encountered with blade deposits 
is mainly in the form of loss of capacity. The efficiency loss 
becomes appreciable before capacity loss is detected. When 
capacity loss is noticed the deposits have formed, and they must 
be removed to obtain normal operation. Thus if the water treat- 
ment is to be studied or modified to prevent the deposits from 


forming, it is advisable to have a rapid method of studying the 
effect on the formation or prevention of deposits. Early in the 
research, attempts were made to devise a small testing unit which 
could be used to test samples of the steam in an operating plant 
and tell in a relatively short period of testing whether the steam 
would cause blade deposits or not. If such a unit could be de- 
vised, a definite study could be made on the effect of modification 
of water treatment on the deposits formed without waiting for the 
effect to be noticeable at the turbine. 

A small test unit was made which would allow a small amount 
of the steam from the heater just ahead the turbine to flow 
through a nozzle, strike a section of regular turbine blades, and 
then exhaust through a regulating valve. With data relative to 
the temperature, pressure, and size of nozzle available, the 
velocity of the steam passing the blade and the quantity per unit 
of time could be calculated. The blade could be removed at 
any time desired and the amount of deposit formed determined 
by weighing. 
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Fic. 6 Test Unit Usep 1n Piant Trsts 


Fig. 6 is a drawing of the test unit developed and used in the 
plant tests. The steam passed through a nozzle and over sec- 
tions of regular turbine blades. Leaving the blades, the steam 
passed out of the unit and was piped through a valve to a de- 
sired point for disposal. By regulation of the exhaust valve the 
pressure in the chamber holding the blade could be held at any 
desired value. The temperature was determined by means of 
a thermocouple inserted in a well. The blade was cleaned, dried, 
weighed, and inserted into the holder. The cover was then bolted 
on and the steam pressure adjusted to the desired value. At th 
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TABLE 5 RESULTS OF TURBINE-BLADE DEPOSIT DETECTOR TESTS 
——Steam conditions Blade deposit————. Boiler-water analysis 
—Nozzle— Total M otal 
: Flow, Press, flow, lb Duration per mil- Dis- alkali Ratio, 

Test Starting Ib per Ibper Temp, (thou- of test, No. 1 blade No. 2 blade lion lb solved as NazSOy 
no. : o hr sq in. F sands) hr g zg steam solids NazCO3s PO, pH NaSOu Total 

1 4/11/34 870 346 668 45 53 0.0060 0.0053 251 170 74 52 10.2 26 0.1 

2 4/16/34 870 345 666 205 234 0.0244 0.0211 221 182 70 50 10.1 28 0.3 
3 4/26/34 430 415 686 112 260 0.0178 0.0175 310 198 83 44 10.2 30 0.4 

4 5/ 8/34 430 415 675 22 52 0.0008 0.0013 As 203 86 46 10.1 31 0.4 
ae 10/25/34 870 415 665 102 117 0.0014 0.0053 66 140 80 10.7 640 4.6 
6T 10/30/34 870 415 660 119 137 0.0008 0.0016 20 150 75 10.8 655 4.3 
7T 11/ 5/34 870 415 670 87 100 0.0006 0.0032 44 160 95 10.9 630 3.9 
8T 11/12/34 870 415 675 65 75 0.0004 0.0009 20 180 95 10.9 625 3.5 
9T 11/15/34 870 415 670 166 191 0.0014 0.0028 31 170 60 10.9 500 2.9 
10T 11/23/34 870 415 660 143 164 0.0007 0.0011 13 120 60 10.8 470 3.9 
tT, 11/30/34 aan 415 650 89 167 0.0156 0.0060 242 170 65 10.9 580 3.4 

an 

jes 12/ 7/34 60 415 640 75 162 0.0008 0.0011 25 190 60 11.0 420 2.3 
137 12/17/34 460 415 635 123 268 0.0008 0.0018 21 230 60 11.2 380 1.6 
147 12/28/34 460 415 6401 154 336 0.0045 0.0081 82 250 60 11.1 420 1.6 
15T 1/11/35 460 415 6401 75 163 0.0003 0.0006 12 225 50 11.0 475 Hea! 
16T 1/18/35 550 415 6401 94 171 0.0017 0.0025 45 240 40 11.2 540 pny 
LTE 1/25/35 550 415 6401 93 168 0.0064 0.0097 173 230 40 a ha ea 590 2.5 
18T 2/ 4/35 550 415 6401 54 99 0.0002 0.0002 7 195 45 ph a | 500 2.5 
197 2/ 8/35 460 415 6401 77 167 0.0014 0.0024 49 190 40 ats US | 540 2.8 
20T 2/15/35 460 415 6401 65 141 0.0010 0.0036 71 195 40 alia 530 2.7 
21T 2/21/35 460 415 6401 88 192 0.0044 0.0058 116 230 60 ali ira b 510 2.2 


1 Approximate. 
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end of the test the steam was shut off, the blade removed while 
still hot, cooled in a desiccator, and weighed. The amount of 
steam passing through the unit was calculated and the amount of 
deposit per unit of steam was determined. The deposit formed 
was reported in milligrams per million pounds of steam passing 
through the unit. 

The unit was tested in a central plant operating at a pressure 
of 600 Ib per sq in. and a temperature of 725 F. The steam 
pressure at the nozzle was between 350 and 520 lb per sq in. and 
the temperature between 635 and 725 F. The pressure drop 
through the unit was adjusted so as to obtain the desired rate of 
flow. This was beld at 870 lb per hr in the majority of tests and 
was accomplished with a pressure drop of 100 Ib. With this 
pressure drop the velocity of the steam passing the blades was 
about 460 fps. Table 5 gives the results of the tests run with the 
test unit. 

The unit was installed on a line connected to the steam header 
just ahead of the turbine. The first test was run for 53 br and 
gave a total deposit of 11.3 mg or at the rate of 251 mg per mil- 
lion pounds of steam. The next test was run under the same 
conditions for 234 hr and the amount of deposit was 45.5 mg 


sept, Oct 


Nov Dec 1935Jan Feb Mar Apr May June duly 


AVERAGE ANALYSES OF ALL BOILERS IN SERVICE 


and the rate of deposit was 221 mg per million pounds of steam. 
This indicated that the rate was almost constant and a test of 
52 hr was sufficient to detect the amount of deposit forming. 

In the next test the rate of flow was lowered from 870 to 430 
lb per hr, which changed the velocity from 460 to 140 fps. The 
deposit increased forming at a rate of 310 mg per million pounds 
of steam. This third test showed that the deposit would form 
over a wide range of steam flow through the unit. During these 
tests the regular water treatment was in use and the plant was 
experiencing difficulty with blade deposits. The turbine was 
washed every four weeks. 

Fig. 7 shows the average boiler-water conditions during these 
tests and the time of turbine washings. The boiler-water treat- 
ment was modified early in October, 1934, to increase the sulphate 
concentrations so that they would be similar to those found 
advisable in the laboratory tests. In order to obtain the desired 
sulphate, sodium sulphite was added. The sulphite would react 
with the small amount of oxygen present and reduce corrosion. 
The sulphate formed would aid in the prevention of blade de- 
posits. 

The sodium-sulphate content before the addition of the sul- 
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phite was between 15 and 30 ppm and is not shown. At the time 
of change in water treatment the sodium-hydroxide content was 
also increased with a corresponding change in pH value. All of 
these changes increased the total dissolved solids in the boiler 
water from a maximum of 260 ppm to about 1200 ppm. The 
ratio of the sodium sulphate to total alkalinity increased to a 
range between 3.5 and 4.6 for the period between October 1 and 
November 11. 

The turbine was washed on July 22 and not washed until Sept. 
2, a duration of six weeks instead of four weeks as usual. The loss 
due to blade deposits, calculated from increase in stage pressure 
over that of clean turbine, was greater at the end of these six 
weeks than for a regular four-week period, as was to be expected. 
The water treatment was changed about October 1, a period of 
four weeks after the turbine had been washed. At this time the 
tests of the turbine showed about the regular amount of loss due 
to deposits. The turbine was not washed. The deposit did 
not appear to increase as rapidly as before the changes in water 
treatment and the turbine was allowed to run until November 
11 before washing. The deposit did not appear to be causing any 
more difficulty at the end of the ten weeks than at the end of the 
first four weeks. 

Tests run on the small testing unit during the period after 
change in water treatment showed a deposit rate of between 
20 and 66 mg per million pounds of steam as compared to 250 
mg per million pounds of steam prior to the change, a reduction 
of about 90 per cent in the deposit. The amounts of deposits 
weighed were about 0.5 mg which was about the limit of accuracy 
of weighing. These results appeared to indicate that the deposit 
was being materially reduced. 

The turbine was not washed again until February 3, a duration 
of twelve weeks. During this period the sodium sulphate to 
total-alkalinity ratio dropped from 3.5 to 1.6 and was 2.5 at the 
time of washing. The turbine was taken out of service on March 
24, for overhauling and inspection, and was washed to aid in 
cooling. When the turbine was opened it was found free from 
deposits, indicating that if any deposits were forming they were 
all removed by washing. 

While the turbine was out of service the method of adding the 
sodium sulphite was changed from intermittent dosage to a 
continuous feed. It was hoped that this would give a better 
control of chemical feed and thus show a more consistent sul- 
phate concentration. However, the sulphite was added at a 
point where appreciable oxygen was present, ahead of the heaters, 
and this brought about an increase in the sulphate formed. The 
sulphate content increased to a much higher value than was pre- 
viously maintained. 

When the turbine went back into service blade-deposit forma- 
tion appeared to be slow. The turbine -was not washed again 
until July 14, a duration of 14 weeks. Thus the time of washing 
was changed from four-week periods prior to the change in water 
treatment to an average of 12 weeks; and this change resulted 
during the period when the control of the water treatment was 
in the experimental stage. 


DISCUSSION OF RESULTS 


The results of these studies indicate that the turbine-blade 
fouling is caused by chemicals carried into the steam from the 
boiler water. The amount of this contamination does not have 


to be large and steam which would normally be referred to as 
being of excellent quality might cause a great amount of deposit. 
The chemical causing the major portion of the difficulty appears 
to be sodium hydroxide. This is present in practically all boiler 
waters and when carried with steam that is superheated forms a 
concentrated sticky solution. This sticky material forms the 
basic binder and adheres to the turbine blades. Other salts 
present in the form of a dry powder would normally be swept 
past the blades. However, when caustic soda is present these 
salts adhere with the pasty caustic. This may cause a deposit in 
which the relative proportions of the constituents bear no relation- 
ship to the ratios in which they occur in the boiler water. 

The amount of deposit is not proportional to the carry over 
from the boiler, but depends upon the relationship which exists 
between the various salts in the boiler water. Thus high hydrox- 
ide in respect to the total solids may cause an excessive deposition 
even with a low concentration of sodium hydroxide in the boiler 
water. However, a boiler water with a sodium-hydroxide con- 
tent low with respect to the total solids present but high in concen- 
tration might not cause a deposit. This is because salts other 
than sodium hydroxide apparently aid in the prevention of the 
deposits. 

The salts which form a dry powder in the superheated steam 
apparently adhere to the surface of the droplet of concentrated 
pasty sodium hydroxide, and if present in sufficient amount 
entirely coat the particle and allow it to pass through the turbine 
without sticking to the blades. Such a method of prevention 
naturally requires large amounts of the dry powder in proportion 
to the sticky material. The plant tests and laboratory experi- 
ments indicate that if sodium sulphate is to be used to prevent 
turbine fouling it must be present in amounts greater than four 
or five times the actual sodium hydroxide present. Power-plant 
operators hesitate to increase the total solids in the boiler water 
because they fear carry over. However, if this is properly con- 
trolled and the carry over does not become excessive, the deposits 
will be prevented. 

The application of the inorganic-salt treatment to one large 
central power plant while still in the experimental stage showed 
that the period of turbine washings were reduced from four weeks 
to about twelve weeks, or from twelve times a year to four. 
It is quite possible that when the water treatment is better 
understood washing in this plant may be entirely eliminated. 
The cost of the treatment used has been low, less than $500 
per year, and the savings have been materially high since cor- 
rosion has also been reduced. 

The application of these data to power-plant operation should 
be made only after a careful study of the conditions existing at 
the particular plant and changes which are made should be under 
the control of a chemical engineer who thoroughly understands 
this field of water treatment. 


CONCLUSIONS 


A summary of conclusions drawn from the results of this work 
is as follows: 

(1) The basic material causing turbine-blade fouling is 
sodium hydroxide. 

(2) Inorganic salts, such as sulphate, chloride, and carbon- 
ates, if present in sufficient amounts, will prevent turbine-blade 
fouling. 
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Cavitation Testing of Model Hydraulic Tur- 
bines and Its Bearing on Design and Operation 


By L. M. DAVIS,1 HOLTWOOD, PA. 


The author discusses cavitation tests made with model 
turbines at the Holtwood hydraulic laboratory of the 
Pennsylvania Water and Power Company and points out 
benefits which have been realized therefrom. In addition 
to presenting the results of these tests the author com- 
Pares them with results obtained by other investigators 
in this field. The author presents his views regarding the 


HE Holtwood hydraulic laboratory was put into operation 

early in the summer of 1930 and since that time has been 

in almost constant use. Although most of the work done in 
the laboratory has been in connection with the Safe Harbor 
development, turbine models of three large projects have been 
tested for manufacturers on a rental basis. 

Since the initial Safe Harbor development is now complete, it 
seems desirable to review the accomplishments of the laboratory 
and to point out what benefits have been realized from the re- 
search which has been conducted. 

The laboratory shown in Fig. 1 is laid out to accommodate 
normally a model 16 in. in diameter. The pressure chamber is 
12 ft by 18 ft inside, so that scroll cases of the desired design may 
be constructed of wood or other material. 

The wheel setting is vertical, and directly below the runner 
there is an observation chamber in which elbow draft tubes of the 
shape desired may be constructed. The discharge passes a 
diaphragm separating the observation chamber from a vacuum 
chamber, so called because it may be necessary to produce a 
vacuum in the space above the water in order to maintain the 
level sufficiently high to seal the draft tube. The set-up allows 
sufficient flexibility so that spreading tubes, or even straight conical 
tubes, may be tested, providing a collector is used to direct the 
discharge into the vacuum chamber. A more detailed description 
of the laboratory may be found in two previously published 
papers.?:4 

In making complete tests of a model the procedure is first to 
determine the efficiency characteristics in the usual manner, 
except that with a movable-blade runner there is one more vari- 


1 Hydraulic Test Engineer, Pennsylvania Water and Power Com- 
pany. Mr. Davis received his C.E. degree at Cornell University in 
1923. For five years following graduation he was in the employ of 
the Niagara Falls Power Company as engineer of hydraulics. The 
next two years he spent on hydro-power-plant design for the Alumi- 
num Company of America. Since 1930 he has been associated with 
his present concern, during which period the Safe Harbor turbines 
were designed. 

2“Safe Harbor Kaplan Turbines,’ by G. W. Spaulding and 
L. M. Davis, Electrical Engineering, October, 1932, vol. 51, pp. 728- 
733. 2 

3 “Model Testing at Holtwood Hydraulic Laboratory,” by L. M. 
Davis, published by Pennsylvania Water & Power Company, Holt- 
wood, Pa., May, 1934. 

Contributed by the Hydraulic Division for presentation at the 
Annual Meeting of THe AMBRICAN SocleTY oF MECHANICAL ENGI- 
NEERS to be held in New York, N. Y., December 2 to 6, 1938. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until January 10, 1936, for publication at a later date. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


further application of the equipment in the Holtweood labo- 
ratory for the purpose of investigating various elements 
in the design of turbines which may have some bearing 
on their cavitation characteristics. He points out the 
need of coordinating the results of cavitation investiga- 
tions now being conducted in various laboratories so that 
the industry as a whole may be benefited thereby. 


able to be considered. Tests are made by adjusting the dyna- 
mometer to cover the range of speeds desired, observations being 
taken of the speed, the quantity of water used, the power out- 
put, and the head. The water quantity is measured by a 36-in. 
and 15-in. venturi meter, the output of the wheel by an electrical 
dynamometer capable of absorbing 300 hp, the speed by a syn- 
chronous timer driven by an a-c generator geared directly to the 
dynamometer shaft, the headwater elevation by a mercury ma- 
nometer connected to piezometers in the pressure chamber, and 
the tailwater elevation by a float gage connected to pressure ori- 
fices in the vacuum chamber. 

For each blade angle, curves are drawn as shown in Fig. 2 for 
appropriate gate openings, selecting these gate openings so that 
the most efficient combination of blade and gate will be bracketed. 
By adjusting the torque absorbed by the dynamometer, the speed 
may be varied over the desired range which is dictated by the 
need of including the extreme values of ¢, which is the ratio be- 
tween the peripheral speed of the runner and the theoretical 
spouting velocity of the water, which corresponds to the synchro- 
nous speed of the prototype and the maximum and minimum 
heads at which it may be operated. These tests are run at a very 
low, or even negative, draft head in order to create as great a 
pressure around the blading as possible, and thus preclude any 
likelihood of the results’ being affected by separation between 
the water and the blades, which is cavitation. 

After a series of such tests, one for each blade angle, the com- 
plete efficiency characteristics of the unit can be plotted. In this 
way the efficiency curves for the values of ¢ for the various heads 
in the prototype may be determined. More important, as far as 
subsequent cavitation tests are concerned, is the selection of the 
gate openings which will bracket the best combinations of blade 
and gate for each value of ¢. 

Tests must then be repeated for each value of blade and ¢ 
with individual series of tests for at least three gate openings; 
but while the foregoing are held constant, the headwater and 
tailwater levels are varied to change the ratio between draft 
head and total head. Any failure to maintain absolutely the 
right speed to correspond with the head actually used may be 
corrected on the basis of information obtained from the previous 
test in the same way that field tests are corrected to guaranteed 
head by means of the characteristics determined from model tests. 

As the draft head becomes greater there will be a tendency for 
the water to pull away from the underside of the blades with con- 
sequent alteration of the efficiency and output characteristics as 
determined in the first series of tests. Therefore, the object of 
this second series is to measure to what extent the draft head can 
be increased without causing this so-called cavitation. It is 
consequently necessary to adopt some criterion which may be 
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_used for defining the conditions under which a given model will 
_ just begin to cavitate. 
L. F. Moody and F. H. Rogers have offered? a cavitation 
coefficient K, which is obtained from the equation 


les [he aa Nn aa h, nn (£,C2?/2g) |/H 


where h, is the atmospheric-pressure head, ft; h,, is the absolute 
pressure at the point of minimum pressure, ft; h, is the static 
draft head, ft; EH, is the draft-tube efficiency; C2 is the absolute- 
discharge velocity from the runner, fps; g is the acceleration due 
to gravity, ft per sec per sec; and H is the total effective head on 
the turbine, ft. 

Inasmuch as cavitation is assumed to take place only when the 
lowest pressure h,, becomes equal to the vapor pressure, this 
substitution may be made, and the value to be used is a function 
of water temperature alone. To obtain a numerical value of K, 
it is necessary also to know the draft-tube efficiency and the abso- 
lute discharge velocity. It should be noted that since all the terms 
in the right-hand side of the equation are expressed in feet of 
water, K, is dimensionless. 

D. Thoma originated the cavitation coefficient o through his 
work at Munich. The physical meaning of this coefficient can 
be visualized by imagining the following sequence of events. 
Suppose the model turbine to be operating without cavitation 
under a constant head and with constant discharge. Since the 
forebay and tailrace elevations are variable, the tailrace can be 
lowered while the total head is maintained constant. As the draft 
head is thus increased, the pressure on certain parts of the runner 
blade will decrease. When the minimum pressure at any point 
on the blades just reaches the vapor pressure H,, cavitation is 
said to begin. Suppose the unit is shut down as soon as this 
condition is reached. After the turbine gates are closed, the abso- 


4“Thter-Relation of Operation and Design of Hydraulic Turbines,” 
by L. F. Moody and F, H. Rogers, Engineers and Engineering, July, 
1925, vol. 42, no. 7, pp. 169-187. 
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lute pressure on the blades is obviously the barometric height H, 
minus the draft head H,. In the operation of the unit, the pres- 
sure at some point on the blades was, therefore, lowered from 
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H,,— H, to the vapor pressure H,. This decrease in pressure is a 
function of velocity and in fact is proportional to the square of 
the discharge of the unit. Since the square of the discharge is 
proportional to the head, it follows that the reduction in pressure, 
H, — H, — H,, is itself proportional to the head. Therefore, it is 
possible to use in place of the pressure drop H, — H, — H,, which 
_ applies only to the conditions of the test, the ratio (H, — H, — 
H,,)/H,, which applies to all heads and which is identified as c. 

Comparison between the Moody and the Thoma formulas 
shows marked similarity. The h, of the former is the same as H,, 
or barometric pressure, in the latter. Likewise the static draft 
head h, is the same as the suction head H,. It has already been 
pointed out that h,, is equal to H,. Consequently, the only dif- 
ference lies in Professor Moody’s term E,,C,? /2g which is omitted 
by Dr. Thoma. The inclusion of this term simply means K, 
applies to the runner alone since correction is therein made for 
the effectiveness of the draft tube, whereas o applies to the wheel 
and setting as a whole. 

The results of the cavitation or o tests are shown in Fig. 3, 
where again efficiency, horsepower, and discharge are plotted, 
but this time as functions of «. These curves represent the re- 
sults of three gate openings corresponding to but a single combi- 
nation of blade angle and ¢, and similar tests must be conducted to 
cover all others in the range desired. Ordinarily, only the higher 
blade angles are of importance and from three to five values of 
are used generally to investigate fully the cavitation character- 
istics for the entire range of head used in the finished plant. 
From complete cavitation information at four or five values of 
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it is possible to cross-plot and obtain data for any intermediate 
value. 

It will be noted that on the right of Fig. 3 all of these curves 
‘become horizontal. The constant values correspond to those 
which have been observed in the preliminary ¢-efficiency tests. 

As o becomes smaller with greater draft head, there occurs 
“a change in the ordinates. The point at which this occurs is 
‘known as the break in the curve, or the beginning of cavitation. 
‘The exact determination of this point depends somewhat on 
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judgment, and some variation will be found therein, but if 
several persons pick these points and results are plotted to form 
smooth curves, independent interpretations of the same data will 
agree satisfactorily. 

One criterion of the break is the dropping off in efficiency. 
Another is the increase in discharge. These will not coincide pre- 
cisely on account of the fact observed by Dr. Thoma that there 
is a slight tendency for efficiency to increase just as cavitation 
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starts which, he explains, is probably due to the decrease in skin 
friction. 

However, it has been observed that with some models the 
efficiency tends to decrease at a higher value of o than the point 
where the unit discharge starts to increase. It is felt that this is 
due to faulty design resulting in local cavitation which takes place 
at one or more points on the blade at draft heads somewhat lower 
than the draft head which causes cavitation over a general area. 

It has been the practice in the Holtwood hydraulic laboratory 
to use the break in the unit-discharge curve to determine critical o. 
If there is any great discrepancy between the break in the effi- 
ciency curve and the break in the unit-discharge curve, the more 
conservative should be used, although it is felt that this is an 
indication of defective design, and possible alterations to correct 
this discrepancy should be investigated. 

The question may be asked whether the break in the o curve is 
affected by the head at which the test is conducted. Theoreti- 
cally there should be no effect and tests made at one head should 
be applicable to others. This matter was investigated by Prof. 
Wilhelm Spannhake, of Karlsruhe, whose laboratory was adapted 
particularly for experiments covering a wide range of heads from 
about 33 ft down to 5ft. It was found that especially at the very 
low heads there was a marked effect, but that for higher heads the 
break in ¢ reaches practically a constant value which is independ~ 
ent of further changes. Similar tests at much higher heads 
were performed at Holtwood without revealing any appreciable 
difference in o at which the breaks occur. Therefore, it seems pref- 
erable, but not essential, that the cavitation test be made at a 
head closely approximating that of the prototype. 

The next step is to recapitulate the results of the foregoing 
tests. This is done by plotting the value of o corresponding to 
the break against unit discharge as shown in Fig. 4. In order to 
determine the value of o at which cavitation begins when the 
unit is operated at the correct relation between gate and blade, 
the envelope of the individual efficiency curves is drawn, and 
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vertical lines are dropped from the points of tangency. The 
intersections of these verticals with the o versus unit-discharge 
curves for the corresponding blade angles locate points on the 
final curve representing the relation between o and discharge 
for a Kaplan unit when operating with the blade and gate in the 
proper relation to each other. This procedure is repeated for each 
value of ¢, thus giving in the end the plot shown in Fig. 5. By 
cross-plotting, curves may be obtained for any intermediate 
values of ¢. 

The group of curves given in Fig. 5 gives the complete cavita- 


+ 100 


~ 
a 
Critical Sigma 


{ Unit Discharge, cfs 
| 20 25 30 35 40 


mn 1 


Fie.5 o Versus Unir DiscHARGE FOR VARIOUS VALUES OF & 


tion characteristics of the model for the range of ¢ indicated. 
From these curves the proper setting of a homologous runner for 
any installation with reference to tailwater for a given power out- 
put may be determined. 

One general characteristic of all tests so far has been the marked 
effect which the increasing of ¢ has had in aggravating the danger 
of cavitation. The practical application of knowledge gained 
through tests is illustrated by the adoption of a lower rotational 
speed for the most recent installation at Safe Harbor. This 
reduction proves to have resulted in a substantial increase in 
capacity in spite of the fact that judging only from the output- 
characteristics of the model, the capacity would have been ad- 
versely affected. Therefore, it is apparent that when cavitation 
becomes a limiting factor, the urge for higher speeds for the sake 
of greater capacity and lower generator cost must be tempered. 
Since it is obvious that, without cavitation, increasing speed 
gives greater physical capacity, while the effect of increasing 
speed on power output as limited by cavitation is just the opposite, 
it becomes exceedingly important to explore completely the 
characteristics of a model before making a decision regarding 
the speed of rotation. 

The proper setting for the turbine with reference to tailwater 
elevation can be determined from Fig. 5 as soon as the runner 
diameter, speed, rated power, and total head are established. 
From the efficiency tests, the expected efficiency at the rated 
head and output may be determined and the discharge computed. 
The unit discharge may then be obtained, and from Fig. 5 the 
critical o will be found. The values of all the terms in the formula 
for c have now been obtained except the draft head Hp, which is 
readily obtained. Adding this value of the draft head to the tail- 
water elevation gives the runner elevation which will give the 
desired output without cavitation. Since cavitation would be 
expected to result if the maximum output as determined by test 
were slightly exceeded, it is customary, as a factor of safety, to 
lower arbitrarily the setting a small amount. 

Not only is the determination of the critical ¢, which is the 
value of o at which cavitation begins, useful in fixing the proper 
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height of setting, but conversely the laboratory results can be 
used to determine the allowable output under given conditions of 
forebay and tailwater level after the setting has been established. 

At this point distinction should be made between critical o as 
applied to the runner and plant o which refers to the plant. 
Both are expressed by the same formula, but obviously plant o 
must not be less than critical ¢ if avoidance of cavitation is to be 
expected. It is also clear that by assuming the critical value of 
o equal to the plant « for any given H, and H,, the maximum 
allowable unit discharge can be read directly from the scale of 
abscissas in Fig. 5. 

Whereas it is probably correct, since cavitation is logically a 
function of water quantity, to derive the discharge for the pro- 
totype directly by stepping up from the model without allowance 
for improved efficiency, nevertheless hydraulic engineers are 
faced with a serious problem in determining the corresponding 
limiting power. In the investigations which have been made on 
the subject of the relation between maximum efficiency of the 
model and the prototype, no information has been made available 
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Fic. 6 Errect or Srsep-Ur on INTERPRETATION OF Mopet-Trst 
RESULTS 


as to whether the increased efficiency is obtained as a result of 
increased output from the same quantity of water, or decreased 
quantity for the same output. Perhaps there may be a combina- 
tion of the two effects. It will be seen from Fig. 6, however, that 
as a practical matter it ordinarily makes very little difference 
whether better efficiency results from lowering the power-dis- 
charge curve or by shifting it to the right except for values near 
the extreme end of the curve. Thus, to find the prototype out- 
put corresponding to a discharge of Q’, case 1, it makes no ap- 
preciable difference whether we use curve A derived by reduction 
in discharge, or curve B derived from increase in output. How- 
ever, for a discharge of Q”, case 2, there may be some doubt 
as to whether cavitation will reduce the output from HP’ to 
HP" or whether HP” would still be above the physical ca- 
pacity HP’’’, and, therefore, not a limiting consideration. 
Therefore, it is sufficient in determining the output as limited 
by cavitation to assume increase in output in proportion to the 
expected rise in efficiency resulting from the computed reduction 
in hydraulic losses. On the other hand, there is great need for 
further investigation as to the exact nature of this shift by com- 
parison of the discharge versus output curves for various units 
which have been tested in the field. It is no longer sufficient for 
our purpose to use a formula by which an increase in maximum 
efficiency alone can be estimated. There is obviously a need for 
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further investigation before it may be considered that the prin- 
ciples of stepping-up performance curves are well understood. 
Uncertainty in this respect is apparent from the fact that the 
application of the formulas of three separate authorities to the 
result of the test on one model which has come to our attention 
is reported to have given answers differing by as much as 4 per 
cent. 

A convenient form for presenting the limiting power output 
for various head conditions is to draw constant limiting power- 
output lines using tailrace elevations as ordinates and forebay 
elevations as abscissas. To obtain this curve it is well first to 
develop a curve of limiting power output versus gross head, 
drawing lines of constant forebay elevation. Such a chart is 
useful in plant operation so that with varying conditions the 
risk involved in approaching the critical ¢ of the runner is always 
the same. 

As cavitation data become available it is desirable to compare 
them so that progress in design may be noted and’ conclusions 
drawn as to the features which are or are not advantageous. 
Fig. 7 shows a plot of critical « versus unit discharge at rated 
for several models which have been tested in the Holtwood labora- 
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Fic. 7 CoMPARISON OF CAVITATION TESTS ON SEVERAL MopELs on 
THE Basis or Unit DiscHARGE 


tory, together with other tests which have come to the author’s 
attention. 

While improvement can be expected with experience, this prog- 
ress, like efficiency, cannot go on indefinitely. There must be 
some limit beyond which further improvement is impossible. 

To illustrate this principle, there may be imagined a hypo- 
thetical turbine in which there would be no drop in pressure below 
the static pressure as the result of pressure difference on the two 
sides of the blade or irregularities of the pressure distribution 
along the blade; although this is clearly impossible, it is at least 
a limiting case. In spite of this, there would be a reduction in 
pressure simply by reason of the velocity through the throat. In 
other words the (H,— H,— H,), previously mentioned as the 
reduction of pressure caused by the operation of the turbine, 
now becomes only the velocity head of the water passing through 
the throat. Assuming that this throat may be perfect as an ori- 
fice, that the velocity is axial and equally distributed, and also 
that there is no reduction in area on account of the runner hub, 
it could then be shown that when H, is equal to unity this drop 
in pressure would be equal to the velocity head c?/2g. 

Thus, since Q; = acanda = 7/4 


o = (4Q;)? /2gn? 


The values of o corresponding to various values of Q; are 
shown by the lowest curve in Fig. 7 which illustrates the ultimate 
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limit of perfection. Should we assume, by way of example, a 16 
per cent reduction in discharge area by reason of the runner hub, 
this limit obviously would be raised still further. Keeping this 
in mind, progress toward the ultimate goal may be judged. The 
economic importance of any move in this direction will be seen 
from a study of Fig. 7 where, at a value of 0.75 for plant o, the 
gain in allowable power output for curve B over curve A is ap- 
proximately 27 per cent. In a new installation for 35-ft rated 
head and a unit discharge of 2.6 cfs the turbine could be set 6 ft 
higher for curve B than for curve A. 

F. H. Rogers and R. E. B. Sharp, in a paper® presented at the 
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Fie.8 Comparison oF CAVITATION TESTS ON THE Basis oF SPECIFIC 
SPEED 


Cincinnati meeting of the A.S.M.E., June, 1935, discussed a 
relationship between plant ¢ and specific speed derived from a 
comparison of nine important propeller installations in America 
and Europe, as shown in their curve Fig. 7,5 which is reproduced 
in Fig. 8 of this paper for comparison with the results of the 
models tested at Holtwood and other laboratories. In the dis- 
cussion of the paper’ by Rogers and Sharp, R. V. Terry, hydrau- 
lic engineer of the Newport News Shipbuilding & Dry Dock 
Company, suggested the relation o = N,?/25,600 as a close 
approximation to the critical « for normal design of turbines. 
For small installations where cavitation tests are not warranted, 
he suggests using a more conservative relation, ¢ = N,?/22,500, 
for determining the turbine setting with reference to tailwater 
elevations. It appears from test D, Fig. 8, that actually there 
are potentialities which may be realized as a result of further 
development and research and that a substantial improvement 
in design can be made over that which might be expected from 
the three relationships. 


BENEFITS DERIVED From Tests 


It would be well now to consider the use that has been made of 
the laboratory results and the benefits derived from the tests 
made in cooperation with the manufacturers in connection with 
the design and improvements on the Safe Harbor units. 

As a preliminary step in cavitation testing, there is the deriva- 
tion of complete ¢-efficiency characteristics of the model. In 
important installations, strict accounting for the use of water is 
necessary for reasons of record, and for economy in the prepa- 
ration of operating schedules. It is seldom possible, without 
unwarranted expense and loss of time in waiting for extraordi- 
nary circumstances, to conduct formal efficiency tests over a 
sufficient range of heads to gain complete knowledge of the operat- 


5 *‘45,000-Hp Propeller Turbine for Wheeler Dam,” by F. H. Rogers 
and R. E. B. Sharp, Mechanical Engineering, August, 1935, vol. 57, 
no. 8, pp. 499-506. 
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ing characteristics of a unit. Consequently, model tests are 
relied upon in interpreting acceptance-test data to cover the 
desired variety of conditions to draw up those charts or tables 
which are necessary in daily operation and in planning the 
economic loading of units. So much has been written on this 
subject by other authors that the use of model tests for this pur- 
pose seems to be well understood. 

An interesting application of model tests in conjunction with 
index tests in the field is described in a paper by E. T. Schuleen.§ 
The reason for conducting the test described by Mr. Schuleen 
was that in the past there has been considerable uncertainty 
regarding the effect of runner size on the value of ¢ at which the 
peak efficiency occurs. Some hydraulic engineers contended that 
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Fie.9 Tuer ¢-EFriciIency CHARACTERISTICS OF MODEL AND 
PROTOTYPE 


the peak efficiency occurred at higher values of ¢ as the runner 
diameter was increased. This question became of vital impor- 
tance in connection with establishing the speed of Safe Harbor 
unit No. 2 for 25-cycle railroad service since the model tests 
indicated an appreciable gain in efficiency at 100 rpm instead of 
109.1 rpm, which is the speed of the 60-cycle units. It was con- 
sequently decided to test one of the Safe Harbor units at variable 
speed by means of an artificial load consisting of two other units 
operated as motors so that a direct comparison could be made 
between the model and prototype. 

Fig. 9 shows a comparison between the envelope efficiencies 
obtained on this test and the envelope efficiencies obtained on a 
16-in. model at the same blade angle of 161/, deg. It is felt that 
this unique experiment proves that the peak efficiency of a given 
runner design occurs at the same value of ¢ regardless of runner 
diameter. 

Operation of Kaplan units at Safe Harbor, the capacity of which 
is greater than other units installed so far in this country, has 
brought up many questions regarding the behavior of these 
units as affected by cavitation. In seeking an explanation for 
observed facts and in establishing principles and policies in opera- 
tion, the laboratory has served as a guide in many cases. This 
is particularly true in understanding the need for correct setting 
of the cam for controlling the gates and blades. The importance 
of correct adjustment and the seriousness of departure from this 
relation have been brought out clearly by laboratory tests. It is 
evident from these that whereas error in adjustment on one side 
of the best blade position may be accompanied by rapid loss in 
efficiency, on the other side the drop in efficiency is more gradual, 
but the danger from cavitation is greatly increased. 


6 “‘Tests iat Variable Speeds on a Safe Harbor Turbine,” by E. T. 
Schuleen, published by Pennsylvania Water & Power Company, 
Holtwood, Pa., May, 1934. 
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Extensive tests have been made for determining what im- 
provements in blade shape could be made in anticipation of in- 
stallations of additional capacity. These tests were naturally 
confined to a narrow range of alterations, being restricted to some 
blades which were already cast with enough additional finish to 
allow fairly extensive revamping in machining, and on other 
blades which could only be chipped to the desired contour. The 
tests, however, have been sufficiently extensive in their scope to 
demonstrate the correctness of certain design principles. 

Practically every hydraulic engineer who visits the Holtwood 
laboratory asks: ‘‘How do laboratory cavitation tests check 
actual cavitation conditions at Safe Harbor?’ Fig. 10 shows 
this comparison. The solid line gives the results of the field 
efficiency tests in per cent of maximum efficiency. The dashed 
line shows the expected curve from laboratory tests which, as 
explained previously, are not affected by cavitation. It will be 
noted that the actual efficiency curve starts to depart from the 
expected curve at about 33,500 hp. From laboratory tests using 
the break in the unit-discharge versus o curve as the criterion 
for the starting point of cavitation, a limiting output of 34,950 
hp was obtained, thus showing a very reasonable agreement. 

It should be borne in mind that the test from which Fig. 10 
was drawn was conducted when the tailrace was particularly low 
in order to determine what effect there would be from the worst 
condition of cavitation. This does not represent ordinary operat- 
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ing conditions and, therefore, the reduction in capacity is not in- 
dicative of failure to derive rated output continously from these 
units. With a normal forebay, the limitation apparently imposed 
by cavitation in Fig. 10 would be sufficiently raised so that the 
unit would deliver its full rated output. 

It has been found from experience that it is possible to operate 
somewhat above the limit as determined by the laboratory with- 
out accruing enough damage from pitting to be considered out of 
proportion to the benefits derived from increased output. In- 
convenience caused by vibration at these high ratings is success- 
fully combated by the use of a moderate amount of air injected 
under the head cover. 

During the three and one-half years that the Safe Harbor plant 
has been in operation a certain amount of pitting has occurred. 
It has been concluded after careful study of the pitting at the 
time of the numerous turbine inspections and also when the pitted 
areas were repaired by welding, that the major portion of this 
pitting resulted from local cavitation induced by irregularities in 
the blade surface. It is evident that water traveling at high 
velocities along the blade surfaces cannot follow sudden changes 
in curvature. When a hollow is present the water leaps over it, 
forming an unstable cavity. In making repairs great care was 
taken to grind the welded areas down to a smooth surface free 
from irregularities or reversals in curvature. Some of these 
welded portions have been in service two years and no pitting has 
occurred. This is partly due to the greater resistance to cavita- 
tion of the 18 per cent chrome and 8 per cent nickel stainless- 
steel welding rod which was used, but the improved surface, no 
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doubt, eliminated local cavitation on the areas which have been 
repaired and is largely responsible for the absence of pitting. 


Furraer AppLicATION oF THE Hourwoop LABorATORY Txsts 


While the accomplishments in the past have proved the wisdom 
of establishing this laboratory for the purpose for which it was 
intended, consideration should be given to the future and to what 
possibilities lie ahead now that the laboratory equipment is 
available for further work. Up to the present time the experi- 
ments have been confined to the change of comparatively few 
variables, but there still remain for investigation many other 
elements in the design of a turbine which may have some bear- 
ing on its cavitation characteristics, such as the shape of guide 
vanes, arrangement of the scroll case, form of the head cover, 
design of the curb ring, influence of the hub diameter, and the 
runner clearance. Furthermore, there will eventually arise im- 
portant problems in connection with redevelopment work neces- 
sary to secure the maximum amount of additional power from 
new wheels placed in existing equipment. 

The desirability of undertaking further experimentation de- 
pends naturally upon what possibilities of improvement are to 
be expected. Such experimentation is important because it 
requires but a very slight betterment of either efficiency or cavi- 
tation characteristics of the large turbines being built today 
to justify considerable effort on the part of the designer. A 
few years ago it was the common impression that because of 
the high efficiencies attained by Francis turbines, the ultimate 
goal had been reached. However, with the introduction of the 
movable-blade propeller, a new field of possibilities was created 
because it became possible to widen the band of efficient loading. 
In a like manner cavitation has presented still another field of 
endeavor wherein the primary object is to make the o-unit dis- 
charge curves, as shown in Fig. 7, approach nearer and nearer to 
the theoretical limit. It is clearly demonstrated by the admirable 
performance indicated by curve D, Fig. 7, that actually there are 
possibilities for a marked advance in this direction. 

There is clearly needed some means of coordinating results 
of different laboratories so that progress may be measured. 
W. M. White, chief engineer of the Hydraulics Division of the 
Allis-Chalmers Manufacturing Company, has pointed out? his 
objection to the use of o. He claims that there is too great a 
disparity between o for a propeller turbine such as the Wheeler 
unit® and for a Francis turbine such as used at Boulder dam.’ 
In place of ¢ he proposes the coefficient \ which is simply the ex- 
pression for the Moody coefficient K, with the term H omitted. 
As pointed out previously all of the terms in the formula for the 
Moody coefficient K, are expressed in feet of water and there- 
fore, by omitting the divisor H, the result is an expression which 
indicates simply the pressure available to hold the water to 
the low-pressure side of the blade. Although Dr. White secures 
in this way a figure which is more uniform in numerical value, 
the question may be raised whether or not extreme differences in 
o do not express after all the essential difference between the very 
dissimilar conditions of operation. 

Suggestions to relate o to specific speed have been offered by 
Messrs. Rogers and Sharp® and also R. V. Terry, as mentioned 
previously. Their criteria have been shown already in compari- 
son with actual tests in Fig. 8. By comparing Fig. 7 with Fig. 8 
it is evident that there is a decided shifting of one curve with 
respect to another resulting from the element of rotational speed 
which enters into the determination of specific speed. 

The ideal comparison would be on the basis of unit horsepower, 
but in this respect the engineer is still faced with the uncertainty 


7“The Construction of the 115,000-Hp Boulder Dam Turbines,” 
by W. M. White, Mechanical Engineering, September, 1935, vol. 57, 
no. 9, pp. 539-546. 
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in regard to the applicability of the set-up formula to values other 
than the point of peak efficiency. Until this problem is solved, 
the unit-discharge curve is probably the best basis of comparison 
and should be satisfactory at least for present needs. 

A further suggestion comes from the fact that the o curve is a 
parabola for the hypothetical turbine, with and without a hub as 
shown in Fig.7. It seems logical then to attempt to plot o against 
the square of the unit discharge as shown in Fig. 11. If this is 
done, the hypothetical curves obviously become straight lines. 
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Many of the test curves are distinctly convex downward, 
particularly those which can be considered as the more reliable. 
Therefore, it would appear in general that if the curves were ex- 
tended sufficiently in each case there would be an approach to a 
straight line passing through the origin followed by subsequent 
departure. Is it not possible that the point of tangency of a 
straight line through the origin with the curve in question indi- 
cates that value of unit discharge to which the blading is best 
adapted? Is it not possible also that as more data are collected 
and plotted in this way, considerable light may be thrown on the 
perplexing problem of correct shaping of the blades? 

As further evidence of the hypothesis that ¢ is a function of the 
square of the discharge, there has been added to Fig. 11 points 
representing the approximate plant o’s and unit discharges for 
important installations of both Francis-type and propeller-type 
units. These points have been estimated as accurately as possible 
from data published in engineering literature, but without going 
back to original sources. Although this is but a rough comparison 
it is, nevertheless, striking that, over a wide range of conditions, 
the setting has been selected by experience (for as far as known 
no cavitation tests have been made), since for Francis runners 
there seems to be a distinct straight-line relationship between ¢ 
and the square of the unit discharge. Furthermore, if approach 
to the value of ¢ for the hypothetical turbine is the thing that is 
desired, the plant o’s for the propeller installations, most of which 
have been selected from laboratory tests, do not appear to be as 
advantageous from the point of excavation as those for the in- 
stallations of Francis units. This raises the question whether or 
not in the past hydraulic engineers have been inclined to take risks 
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that are too great in so far as the settings of the Francis wheels 
are concerned, or whether, on the other hand, there is some in- 
herent reason why propellers would require more conservative 
values of «. One element may be the loss of area taken up by 
the hub. On the other hand, to decrease the diameter of the 
hub involves, in the case of Kaplan turbines, mechanical prob- 
lems and difficulties from clearance spaces, while for all pro- 
peller turbines the design of the blading near the hub is particu- 
larly difficult and can be mastered only by laboratory tests. 

The apparent straight-line relation in Fig. 11 indicates that all 
that is necessary to reconcile the extremely low o for the unit at 
Boulder dam with the high plant o at the Wheeler dam is to divide 
each by the square of the unit discharge. No attempt is made 
here to estimate a normal value for this quotient, since the data 
for the points shown are but rough approximations. Furthermore, 
only the plants for which figures were most readily available are 
included, and no attempt has been made to differentiate between 
plants encountering serious pitting and those at which operation 
has been entirely satisfactory. 

Inasmuch as the o versus the unit-discharge curve does offer 
a reasonably satisfactory basis for comparison, it would seem 
desirable to have the results of the several laboratories in Europe 
and America coordinated in this manner. The accumulated 


data would serve a most useful purpose by informing each labora- 
tory whether the results obtained in any one test were extra- 
ordinary in any respect, and thus aid in selecting hidden infor- 
mation that may be found from these tests. For example, curve 
D in Fig. 11 taken alone is simply a test result, but in comparison 
with the entire group of curves in Fig. 11 it is an achievement 
—an advance in hydraulic design. 

Such a compilation might be undertaken by some central 
agency, such as the National Hydraulic Laboratory, although 
consideration should be given to whether or not laboratory errors 
might not render it worthless. Strange to say, the results are 
affected very little by laboratory errors because the measure of 
the break in the ¢ curve is a change of condition. Consequently, 
errors in power measurement may have any magnitude as long 
as they are consistent, while errors in discharge measurement 
would only shift the final curve slightly to the right or left. In 
this respect the situation differs essentially from the usual model 
efficiency tests since the results are not sensitive to ordinary 
errors. 

Finally, it is the author’s hope that efforts being made in the in- 
vestigation of cavitation in various laboratories can be coordinated 
so that the industry as a whole may be benefited. The Holtwood 
laboratory offers its support to any movement of this kind. 
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Radiation From Nonluminous Flames 


By H. C. HOTTEL,! CAMBRIDGE, MASS., anv V. C. SMITH,? DETROIT, MICH. 


Experimental results on the total radiation due to car- 
bon dioxide, water vapor, and mixtures of the two that 
were recently reported were obtained in a chromel-wound 
furnace, the maximum operating temperature of which 
was 1850F. The final plots were obtained by extrapolating 
to 3600 F the experimental data covering the range from 
room temperature to the furnace maximum. 

A method is now described for determining these proper- 
ties directly in the upper temperature range. It consists 
of measuring the emission of radiation, and the corre- 
sponding temperature, from overventilated flames of car- 
bon monoxide, hydrogen, and mixtures of these in a Meker 
burner of varying length. The products in the flame are 
calculated from the mixture fed to the burner. 

Results are presented for flames of carbon monoxide in 
mixtures of oxygen and nitrogen in which the burner grid 
length is varied from 2 to 16 in., the theoretical oxygen 
from 100 to 300 per cent, and the flame temperature from 
2600 to 3800 F. The results establish the validity of the 
carbon-dioxide radiation chart in its high-temperature 
range. Less extensive measurements on illuminating- 
gas flames establish the validity of the water-vapor radia- 
tion chart at temperatures of 2500 to 2800 F when the 
thickness of gas layer is small. 


HE problem of evaluating the expected radiant-heat trans- 

mission from a nonluminous flame has an obvious practical 

importance in the design of certain types of industrial fur- 
naces, the evaluation of heat transmission in the internal- 
combustion engine, and studies in the mechanism of combustion 
of gases. The literature on the subject includes diverse opinions 
as to the nature of the phenomenon and does not contain data 
adequate for the substantiation of any proposed method of pre- 
dicting the magnitude of the flame radiation. Accordingly the 
present work was undertaken to determine whether one of the 
proposed theories could be substantiated by experiment. 

The radiation emitted from a nonluminous flame is due in 
part to radiation emitted consequent upon chemical changes of 
the molecules in the flame, called chemiluminescence; and in 
part to thermal radiation from the hot products of combustion, 
such as carbon dioxide and water vapor. The first kind of radia- 
tion depends upon the nature of the chemical reactions involved 
and is approximately proportional to the amount of fuel burned; 
the second depends on the temperature, size, and shape of the 
flame and its hot combustien products and on the concentration 
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of radiating constituents in it, and is influenced by the amount of 
fuel burned only to the extent that the latter affects the tem- 
perature distribution in the flame. 

The work of Garner and Johnson (1)% and of Johnson (2) has 
indicated that chemiluminescence, though of extreme importance 
in studying the mechanism of combustion reactions, accounts for 
a very small portion of the total radiation emitted from a flame. 
The calculation of total radiation from a nonluminous flame in 
an industrial furnace depends, consequently, on quantitative 
knowledge of the magnitude of thermal radiation from those hot 
products of combustion which are capable of radiating, namely, 
carbon dioxide and water vapor. 

The earliest quantitative measurements of radiation from ecar- 
bon dioxide and water vapor were made in 1894 by Paschen (3), 
who mapped the infrared emission and absorption spectra of hot 
carbon dioxide and water vapor and showed the interrelation 
between emission and absorption for those gases. Further work 
by him on the emission spectra of nonluminous flames led him to 
conclude that the radiation from them was purely thermal in 
origin and due solely to the carbon dioxide and water vapor in 
the flames. The work of H. Schmidt (4) in 1909 confirmed the 
validity of the assumption that radiation from the products of 
combustion in flames was thermal in character by proving that 
Kirchoff’s law of the equivalence of absorptivity and emissivity 
(applicable only to thermal radiation), was applicable to radia- 
tions from an illuminating-gas flame. These fruitful suggestions 
of the physicists remained unused by engineers until Schack (5) 
in 1924 pointed out how data on the infrared absorption spectra 
of gases could be used to predict the magnitude of emission of 
radiation from them. 

Moeller and Schmick (6) in the following year measured the 
radiation from small Bunsen flames, making the measurements 
in such a way as to permit comparison with the calculations of 
Schack. Although their experimental results were in agreement 
with the calculations within 5 to 25 per cent, the agreement was 
not conclusive since (a) the flame diameter was so small as to 
make edge effects large, (b) the effect of water vapor in the com- 
bustion products was hidden by the much greater effect of carbon 
dioxide, (c) the basis of comparison with theory (i.e., Schack’s 
calculations based on infrared absorption data) was not estab- 
lished with adequate precision. 

Recent experimental data have been presented by Hottel and 
Mangelsdorf (7), giving the total thermal radiation from hot 
carbon dioxide, water vapor, and mixtures of the two over a wide 
range of variation of concentrations, and at temperatures up to 
about 1900 F. By appropriate plotting, the data have been 
extrapolated to higher temperatures. Precise measurements of 
the right kind on nonluminous laboratory flames should serve as 
a basis for testing the numerical accuracy of the carbon-dioxide 
and water-vapor radiation charts at high temperatures; those 
charts could then be used for calculations of radiant-heat trans- 
mission from large industrial flames. 

Measurements of total radiation of the type of Callendar (8), 
von Helmholtz (9), and Haslam, Lovell, and Hunneman (10) 
were made with the whole flame in view of the radiation receiv- 
ing instrument. These are difficult to compare with the calcula- 
tion of the expected radiation from hot carbon dioxide and water 
vapor, because knowledge of the variation of temperature and 
composition in the flames is not available, and because in some 

3 Numbers in parentheses refer to similarly numbered items in the 
bibliography at the end of the paper. 
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cases a considerable portion of the thermal radiation was ab- 
sorbed by a column of cold gas containing combustion products 
and occupying the space between the flame and the radiometer. 
Fishenden and Saunders (11), making a rough calculation of what 
to expect for one set of conditions studied by Callendar, found 
agreement with predictions based on thermal radiation inconclu- 
sive. 


EXPERIMENTAL PROCEDURE 


To permit a comparison of experimental results with calcula- 
tions involving the temperature, composition, and depth of 
flame it is necessary to burn the gas in a burner of such type as 
will produce a flame uniform in composition and temperature 
along a line of sight normal to the direction of flow of the gases; 
to restrict the geometrical limits of vision of the radiation-meas- 
uring instrument to a narrow pencil of rays along such a line of 
sight; and to measure the temperature, composition, and depth 
of flame along that same line of sight. These experimental re- 
quirements are met in the apparatus shown in complete assembly 
in Fig. 1. For a description of apparatus and experimental pro- 
cedure sufficiently detailed to permit judgment of the validity of 
the results, the reader is referred to the Appendix of this paper. 
Briefly, equipment is provided for generating, drying, and meter- 
ing carbon monoxide, for drying and metering illuminating gas, 
air, and oxygen, and for burning the desired mixture of gases in a 
Méker-type burner G (top right center of Fig. 1) consisting of an 
approach chamber diverging upward to a rectangular water- 
cooled nickel grid 15.75 in. by 0.818 in., the open length of which 
can berchanged by slide H. To measure the temperature of the 
flame the method of spectral reversal of the sodium-D line is 
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used (see Appendix). The temperature as measured is an aver- 
age value along the horizontal line of sight of the spectroscope, 
set just to clear the tips of the small Bunsen cones of the burner 
grid. During the temperature measurement sodium must be 
supplied to the flame. This is accomplished in either of two 
ways, (a) by using compressed air in tank Q to produce mechanical 
atomization of a salt spray at R in the base of the burner, or (6) 
by vaporizing molten salt with an electric are in vessel S and 
sweeping the vapor into burner G with a stream of nitrogen. The 
latter method adds no moisture to the flame. Immediately 
following the temperature measurement, the spectroscope system 
M-W-N-W'-N-L is rocked out of position on its hinged base, 
and replaced by a thermopile K, which consists of a single thermo- 
element at the focus of a gold mirror. The thermopile, contain- 
ing no lenses or windows between it and the flame, is suitably 
diaphragmed to receive a narrow pencil of rays from the same 
part of the flame in which temperature was previously deter- 
mined. The thermopile is calibrated by allowing it to “see” 
into a black-body furnace kept at a fixed and measured tem- 
perature. 


Resuuts ON Carson-Monoxipr FLAMES 


The major portion of the experimental work was conducted on 
carbon-monoxide flames. Radiation was measured for various 
burner grid lengths, fuel-gas rates, and air-gas ratios, with dry 
and with moist gases. In addition, oxygen was added in about 
half the experiments to produce higher flame temperatures or to 
increase the velocity of flame propagation. The range of varia- 
tion of the factors studied is shown in Table 1. 
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TABLE 1 RANGE OF VARIATION OF FACTORS + 
CARBON-MONOXIDE FLAMES. 3) UDIED, Vt ae oS 
Gas rates, cu ft per hr 
= Ee eR AviA als oso OnlG4—1. 312 Carbon Burner Flame Emissiv- PL 
e sae ga products, Pe, nt Run monox- Oxy- length, temp, ity of (atm) 
Ot Cn eee : : aire i nee no. ide Air gen ft K flame (ft) 
: 2568-3778 16 33.4 94.0 .... 1.312 1983 0.0657 0.396 
$540-20,070 17 33.4 94.0 .... 1.312 1989 0.0642 0.396 
0 022-0076 18 3727m00.0° 1319 2003 0.0868) 01448 
95-309 19 37.1 22:8 oe epi 312 2002 OL0G65. Ola 
7 1.40.1 2 ; OtOn see 1819) oOotmenO 0630 Ol 404 
tet ee oy a ee 069 21 37.1 102.0 .... 1.312 9021 0.0622 0.404 
22 40.1 97.5 .... 1.312 2030 0.0653 0.457 
23 40.1 97.8 ..., 1.312 2081 0.0648 0.456 
TABLE 2 24 40.1 107.0 .... 1.312 2052 0.0608 0.414 
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9 29.3 89.0 1.312 1926 0.0585 0.370 38 1OLO FSS 160 eee BORO56nIS421 Os Ob31 NL Oe170 
10 2033. 89.0 1.312 1925 0.0632 0.370 39 9.9 33.4 ye 0.656 1843 0.0522 0.169 
ll 29.3 89.0 1.312 1925 0.0652 0.370 40 122 tie) eee 02656) 17189800654. OLo2T 
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15 33.6 80.0 este 1958 0.0704 0.452 44 7.2 25.8 Teas 0.656 1727 0.0607 0.160 
HOGER eis aries ain orert Egg 
: ele : , : : 0.0218 : 
} Table 2 presents the data with measured radiation converted o 13.9 27.7 15.3 Gries a 0.0233 0.0486 
as Saale Sikes: ae a 3 1 15. : 2206 0.0229 0.0451 
flame emissivity” by dividing by the radiation from a black 49 13:8 29.3 12.1 0.164 2022 0.0297 0.0467 
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: : : : z ; .0300 0.04 
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: ; % ‘ . ; : 0.139 
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mental error of the work, is proba ue to the variation in oe ere OL 1986 00452, 0: 159 
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‘ing to the imperfection of the correlation are (a) experimental per cent moisture. 
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to cold air at the near flame face. 

In some of the experiments (run numbers marked M 
in Table 2) the measurements of flame temperature and 
radiation were made with 0.7 to 1.8 per cent moisture 
in the flame. The effect of the moisture, as indicated in 
Fig. 2, was small. Because of the effect on flame speed 0.02 
of the salt spray used for temperature measurements in 0.04 0.06 0.08 0.10 0.2 
runs ];91 and the consequent possibility that successive PL (ATM.X FT.) —= 


measurements (first of temperature with the flame moist yg. 4 Rapration From Carson-Monoxipn Frames—Errecr or Con- 
and then of radiation with the flame dry) did not corre- CENTRATION AND FLAME Depts 
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Addition of the salt in dry form had no ap- 


preciable effect on the correlation presented in Fig. 2. 


Although the experiments were somewhat less 


extensive than those on carbon-monoxide mixtures, the data are 


sufficiently reliable to warrant interpretation. 
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high temperatures established by combustion of carbon monoxide, 
the next logical step is a similar study on hydrogen flames. 
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flames of hydrogen have prevented such measurements thus far. 
However, some results have been obtained with illuminating gas- 
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Fig. 5 shows total radiation versus the air-gas ratio for four 
different lengths of burner grids and Fig. 6 flame temperature 
versus the air-gas ratio. The latter plot shows that, as expected, 
the measured flame temperature is independent of the length of 
the burner grid for the same air-gas ratio. 

If as in the case with carbon monoxide, the radiation is de- 
pendent solely upon the combustion products, it may be expected 
that in the illuminating-gas flames the radiation will depend only 
upon the temperature and upon (P, + P,,) L, where P, and P.,, 
are the partial pressures of carbon dioxide and water vapor, re- 
spectively, in the combustion products, and L is the length of 
the burner grid. Figs. 5 and 6 have accordingly been converted, 


PARTIAL EMISSIVITY DUE TO WATER VAPOR 


0.04 0.05 
Ry L, (PARTIAL PRESSURE H20 IN FLAME) X(THICKNESS) — 


0.06 0.07 0.08 0.04 0.05 0.06 0.07 0.08 
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E. Scumipt (13) 


by the use of the data of Table 3 on fuel-gas composition, to the 
form represented in Fig. 7; there total flame emissivity is plotted 
against (P, + P,,)L for each of four flame temperatures. By 
the use of Fig. 3 for carbon dioxide and the analogous Fig. 8 for 
water vapor (also from Hottel and Mangelsdorf, loc. cit.), the 
expected total radiation from the combustion products may be 
calculated. This has been done, the results appearing as solid 
lines in Fig. 7. It is seen that the gas-radiation charts for car- 
bon dioxide and water vapor account satisfactorily for the meas- 
ured radiation from an illuminating-gas flame. 


TABLE 3 COMPOSITION OF ILLUMINATING GAS BURNED 
COz CoH, EH Co CHa Os Ne 
2.2 4.2 48.0 9.4 22.0 lee 13.0 
At the time of publication of the water-vapor radiation chart, 
Fig. 8, it, was pointed out (7) that the literature contained other 
data on water-vapor radiation by E. Schmidt (13), and that the 
new chart, though in agreement with Schmidt’s results at high 
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values of PL, called for considerably less radiation from water 
vapor at low values of P,,L. Since the first part of the present 
investigation has established the validity of the carbon-dioxide 
radiation chart at high temperatures, the data on illuminating 
gas may be used to obtain the radiation due to water vapor by 
subtracting from the experimentally measured total radiation that 
due to carbon dioxide. The residue, presumably due to water 
vapor, has been converted to an emissivity and plotted versus 
P,,L in Fig. 9, data points, for each of four temperatures. On 
that same plot appear solid lines representing water-vapor radia- 
tion, taken from Fig. 8 by Hottel and Mangelsdorf; and dotted 
lines representing water-vapor radiation, taken from the data of 
E. Schmidt. The agreement of the data points with the solid 
lines seems to indicate that Fig. 8 is not unduly conservative at 
low value of P,,L. 


CoNCLUSIONS 


(1) The radiation from flames of carbon monoxide and illumi- 
nating gas is calculable from a knowledge of flame size, tempera- 
ture, and composition. 

(2) The accuracy of a chart giving radiation from carbon di- 
oxide has been established over the temperature range 2600 to 
3800 F, and the range of P,L from 0.04 to 0.40 (atm x ft). 

(3) The substantial accuracy of a chart giving radiation from 
water vapor has been established over the temperature range 2500 
to 2800 F, at low values of P,,L where there had been some doubt 
as to whether the radiation chart was unduly conservative. 
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Appendix 
Description of Apparatus and Procedure 


CarsBon-MOoNOXIDE GENERATOR 


Methods of generating carbon monoxide of high purity in 
large quantities have been described by Hutton and Petavel (14), 
Burstall and Ellis (15), and Thompson (16). The principle in- 
volved depends upon the thermal decomposition of formic acid 
in the presence of a dehydrating agent, according to the reaction, 
HCOOH = CO + H,O. The generator described herein is 
based on the method of Thompson with a few improvements to 
be mentioned later. 

In Fig. 1, aspirator bottle A contains 85 per cent formic acid 
which is fed to the bottom of the rubber-stoppered, 5-liter Pyrex 
reaction flask B, the rate of feed being observable through the 
dropping tube sealed into the supply line. Flask B is about four- 
fifths full of 85 per cent phosphoric acid, and is maintained at 
170 C. Heat is supplied electrically at a maximum rate of 1700 
watts through a coil of chromel wire held between two layers of 
asbestos paper, the latter being molded while wet to a snug fit 
around the flask. The flask is supported by its ring neck and 
housed in a metal container filled with 85 per cent magnesia. 
powder. A thermocouple immersed in the phosphoric acid is 
connected to a pyrometer controller, giving automatic regulation 
of the heat supplied to the generator. The gaseous products, 
carbon monoxide and steam, pass through a 16 mm Pyrex tube 
to the water-cooled glass condenser C, also of 16 mm Pyrex. The 
condensed liquid escapes through a trap and the cool gas then 
passes up through the scrubbing tower D, filled with short sec- 
tions of glass tubing, while a 5 per cent sodium-hydroxide solu- 
tion from aspirator bottle # trickles down and escapes through a 
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trap. Rubber tubing connected to the legs of the trap permits a 
variable pressure up to 12 in. of water in the generator. Since 
this type of trap is subject to blowoff under sudden rise of pres- 
sure, a mercury safety trap F with a pilot flame at the outlet is 
included to regulate the maximum pressure in the generator; the 
mercury trap is set to blow at a pressure less than the liquid 
heads in the drain traps or the water-sealed gasometer when the 
bell has risen to its upper limit. With the exception of bottles 
A and £, the entire generator and the gasometer are completely 
enclosed under a laboratory hood. 

The output of the generator is 20 cu ft of carbon monoxide per 
hour, being limited not by the power input, as was the case with 
Thompson’s generator, but by the increasing tendency of formic 
acid to pass through undecomposed if this rate is exceeded. Analy- 
sis of the carbon monoxide leaving the scrubber showed that 
it contained no impurity except water vapor. 

The pyrometric control of heat input at a relatively high rate 
and the addition of an automatic trap have produced a genera- 
tor of high output that is both easier and safer to operate than 
those previously reported. 


BURNER 


The burner shown at G is of rectangular shape; it has a nickel 
grid of the Méker type 15%/, in. long and 1/,, in. wide, giving a 
free port area of 7.7 sq in. The casing is brazed to the sides of 
the grid to increase the effectiveness of the water cooling. A 
metal slide H, for changing the burner length, operates in slots 
along the top of the casing. A flared manifold distributes the 
gas sufficiently to give flames of uniform height. The burner 
inlet has been divided into two sections, all of the gas being made 
to pass through one or the other by the butterfly valve J. For 
most of the experiments, the gas was passed through the lower 
section for the introduction of brine spray used in measuring the 
flame temperature, and through the upper section during the 
radiation measurements, this procedure being adopted to permit 
radiation measurements on flames containing no sodium chloride 
or water vapor. 


TEMPERATURE AND RapIATION MraSuREMENTS 


Spectral reversal of the sodium resonance doublet is used to 
measure the temperature of the gas flames. Although the accu- 
racy of this method has been questioned lately by David (17) 
the objections raised seem to have been answered satisfactorily 
by Lewis and von Elbe (18). The continuous source L, Fig. 1, 
is a G.E. 4-volt, 20-amp, No. T-20, SR-8 tungsten lamp with 
filament 0.080 in. wide and 0.0025 in. thick; a vee is cut in one 
side of the filament to insure use of the same portion in all meas- 
urements. The lamp is heated by storage batteries, the cur- 
rent input being controlled with variable resistances, and meas- 
ured accurately with the deflection-potentiometer principle of 
Forsythe (19) across the fixed resistance O. Images of the fila- 
ment are formed at the center of the burner and at the slit of the 
spectroscope M by the achromatic lenses N. The spectroscope 
is a Gartner L250 quartz spectrograph, in which the camera is re- 
placed by a tube for holding the eyepiece, and the Cornu prism 
by one of flint glass. The red brightness temperature of the 
tungsten lamp is*measured with the precision optical pyrometer 
P (20). The temperatures measured in these experiments were 
sufficiently low to cause no rapid aging of the band filament, con- 
veniently permitting a transfer of the optical pyrometer calibra- 
tion to a temperature-current plot for the band lamp. 

Two methods are used to introduce sodium into the flames. 
The first consists of forming a spray in the gas inlet when a small, 
high-velocity jet of brine from tank Q impinges against the in- 
side of the pipe at R. A better method, in that it eliminates the 
undesirable effect of water vapor on both the flame speed and 
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total radiation:from the flame, is the volatilization of the salt in 
an electric are between carbon electrodes immersed in a crucible 
of salt S. A small stream of air or nitrogen passing through 
drying tower U, pressure regulator 7’, flowmeter V, and the en- 
closed, water-cooled arc chamber S assists in sweeping the vola- 
tilized salt into the burner manifold, as well as preventing flow 
of the gas mixture into the are chamber with resulting ignition. 
If air is passed through the are a correction is made for CO, 
formed at the electrodes. 

The radiant energy emitted by the flames is measured with a 
reflecting-type, total-radiation thermopile K, focused on the 
center of the flame. The latter consists of a single spot-welded 
junction of copper and constantan wires, 0.001 in. in diameter, 
the free ends of which are fastened into two slotted copper leads 
cemented firmly in a celluloid block 9/15 in. in diameter. These 
leads also form the cold junction. The target is 0.050 in. in diame- 
ter of tinfoil 0.001 in. thick, thoroughly coated with lampblack 
on the front, and cemented in close contact with the junction on 
the back surface. The mirror is a bright, opaque film of gold 
sputtered on the concave front surface of quartz; it is #/, in. in 
diameter and has a focal length of 5in. The thermopile, mounted 
in a telescope for focusing, is housed with the mirror in a wooden 
box K to which a water-cooled shield and shutter are fastened. 
Trays of soda-lime and calcium chloride are placed on the bottom 
of the box, and a slow stream of air, dry and free of COs, is passed 
through the box during measurements. 

A Leeds and Northrup type-HS reflecting galvanometer, 
mounted on a Julius suspension and the whole enclosed in a 
compartment to protect it from air currents, is connected to the 
thermopile leads. The scale, placed at 3.5 m, is readable to 0.1 
mm through a high-magnification telescope; the sensitivity of 
the galvanometer viewed at this distance is 101 em deflection 
per microampere. 

Two black bodies X of the type described by Coblentz (21), the 
temperatures of which are measured by carefully calibrated 
thermocouples, are used to calibrate the thermopile. These 
bodies are held at constant temperatures of about 730 F and 
1820 F; over the thirteenfold range of variation of radiation 
intensity represented by these two radiation standards, the cali- 
bration constant of the thermopile-galvanometer system varied 
no more than 3 per cent, and the average was much less. A 
calibration is made before and after each group of flame experi- 
ments, the arithmetic mean of the constants so obtained being 
used for the calculations in the group. 

In view of the marked dependence of radiation upon tempera- 
ture, special experimental care is required to make the two prop- 
erly related, particularly in a flame where temperature gradients 
may be great. Therefore, the band lamp, lenses, and spectro- 
scope are mounted on an optical bench which is supported by 
two sturdy rods fastened into a steel base; the base is fastened 
to the desk top with hinges so that this system or the thermopile 
can be placed in line with the burner. Once in correct alignment 
and clamped, the separate parts undergo no relative motion and 
no further adjustment is required. The thermopile housing is 
mounted similarly on a solid base which slides back and forth 
transversely between fixed stops on a metal track. Once prop- 
erly aligned and the stop fastened, the thermopile can also be 
moved and returned to the correct position. 

In order to minimize the effect of temperature gradients, the 
flames are made as large as possible and the distance from the 
burner grid to the optical axis is chosen so as to place the latter 
in the most uniform temperature range. In addition, diaphragm 
W limits the cone of rays viewed during the temperature measure- 
ments, and is of such size that any ray drawn from the eyepiece 
image through the optical system falls well within lens Nz. The 
limitation of field of view of the thermopile system is accomplished 
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by two diaphragms of 0.125 and 0.030 in. in diameter, placed 
immediately in front of the mirror and the target, respectively, 
in the thermopile housing. The pencil of rays through the flame 
is thereby restricted to a diameter of 0.15 in. at the image plane 
near the center of the burner grid, and a maximum of 0.23 in. at 
the back edge of the grid. 


Conrrot or Gas MrxtTurE 


In order to avoid variation in mixture ratio while radiation and 
temperature measurements are being made, a °/,in. type-A 
Reliance pressure regulator is placed in the carbon-monoxide line, 
and %/,in. type-H regulators are placed in the other gas lines. 
The rates of flow are measured on calibrated orifice meters V. 
In almost all cases the total rate is such that the flame is just be- 
ginning to lift away from the grid. The gases, dried in the cal- 
cium-chloride towers if required, are tested for water vapor by 
aspirating a stream of gas from the manifold sampling tube 
through a dew-point apparatus. 


PROCEDURE 


The thermopile is calibrated against the black bodies previ- 
ously heated to constant temperatures of about 750 F and 1800 
F; the carbon-monoxide generator, already up to operating tem- 
perature, is started; the mixture ratio is adjusted to give the 
kind of flame desired; the dew point of the mixture is determined; 
the thermopile is brought into position and galvanometer read- 
ings taken for about 15 successive 15-sec periods with the shutter 
alternately opened and closed; the thermopile is pushed aside; 
with the lamp already hot the optical bench is swung into posi- 
tion, the sodium generator is started, and three or four reversals 
made in the spectroscope, the potentiometer being read for each. 
This procedure, usually repeated as a check, is followed for each 
mixture ratio and burner length. 


CALCULATIONS 


The recorded brightness temperatures at \ = 0.665y, without 
the lens interposed, are corrected to those at \ = 0.589u, with 
the lens, by substituting appropriate values in Equation [1]. 


1 1 __ 0.589 In ABpy — 0.665 In App 1] 
Tee RE aes: 
where Tp = brightness temp, deg K, at \ = 0.665y, viewed 


through the bulb but without a lens 
T,,, = brightness temperature, deg K, at A = 0.589u, 
viewed through the bulb and lens 


A = transmissivity of the lamp bulb 

B = transmissivity of the lens 

Pr = emissivity of tungsten at \ = 0.665u and true 
filament temperature, obtainable from T'p (22) 

py = emissivity of tungsten at AX = 0.589» and true 


filament temperature. 


The transmissivity of the lens is found experimentally by 
measuring the red-brightness temperature of the band lamp, with 


and without the lens between it and the optical pyrometer. For 
a fixed lamp temperature 
14,330 (71 — T. 
file a wee nab asl [2] 
0.665 (T7172) 
where B = the transmissivity of the lens 
T, = red brightness temperature of lamp, deg K, without 


lens 
T: © red brightness temperature of lamp, deg K, with lens 


Substitution into [2] of corresponding values obtained at 
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several temperatures give an average value of 0.92 for B. This 
is adopted also for the transmissivity A of the lamp bulb and is 
used throughout for calculating the correction. 

Values of ppg and p, are taken from the data of Forsythe and 
Worthing (22). 

The correction varies from +7 C at 1670 K to 414.6 C at 
2200 K. 
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Safe Operation of High-Speed Locomotives 


By B. S. CAIN,! ERIE, PA. 


In this paper are presented the basic theories, test in- 
formation, and the chief conclusions of an investigation 
of factors entering into the mechanical design of loco- 
motives for high-speed operation. The author points out 
that (1) recent trends in railroad operation have been 
toward higher speeds over longer distances and (2) the 
development of electric and oil-electric power, and light- 
weight equipment have changed many of the conditions 
under which these higher speeds are attained. In view 
of the radically new types of equipment available, the in- 
creased severity of requirements both as to performance 
and cost of equipment, and the necessity for preserving 
the railroad’s record for safety, it has been necessary to 
make an extended theoretical and experimental analysis 
of high-speed locomotive operation. Such an analysis is 
given in this paper. 


HE fundamental problem in regard to the safe operation 

of high-speed locomotives has been to explain, and to learn 

to control by design means, the oscillations of locomotives 
which develop at high speeds, and which place a definite limit 
on the safe speed at which any particular design of locomotive can 
be operated over a given section of track. These oscillations con- 
sist partly of nosing and rolling motions produced by the side- 
wise components of the wheel-friction and flange-impact forces 
when the wheels are out of exact line with the track. Instability 
occurs when these forces increase the energy of oscillation faster 
than the damping forces can reduce it. Other oscillations are due 
to rough track. It is the problem of the designer to control the 
design, the wheel arrangement, the spring constants, the weight 
distribution, and the clearances so as to minimize the tendency to 
instability and to obtain ample margins of safety under varying 
conditions of track. 

Testing of locomotives has been improved during recent years. 
Stresses in the track can be accurately measured with electric 
Strain gages. The author has used these gages extensively to 
make continuous records of lateral pressures between locomotive 
axles and frames on a number of locomotives up to very high 
speeds. The development of theories to determine the stresses 
and motions of locomotives at high speeds has proceeded before 
and coincidently with the test program. The theory as now de- 
veloped logically explains the test results in so far as the fundamen- 
tals are concerned. Some of the principal results of this work are 
outlined in this paper, reference being made particularly to the 
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high-speed electric locomotives on which the most complete ex- 
perimental information exists. 


GENERAL THEORY 


It is a matter of frequent observation that high-speed equip- 
ment may oscillate continuously of its own accord. The only 
source of energy available to keep these oscillations going is the 
driving energy which maintains the speed. In a balanced ma- 
chine, the only way in which this energy can be tapped to produce 
a sustained oscillation is through friction at the tread of the 
wheels. Whenever the locomotive wheel base makes a small 
angle with the track, friction makes it run sideways until the 
wheel flanges hit the rail. Asa result of the impact, the wheel base 
may become pointed toward the other rail. If this motion per- 
sists or increases there is an ever-present tendency to breakage or 
derailment. 

A study of the friction at the head of the rail shows that for 
oscillations at high speed the frictional force is not constant, 
but actually approaches a creepage force, varying with the 
amount of slip. Theoretical calculations which have been made 
of this creepage force are fairly representative of test data. 

The initial motion which starts an oscillation may be due either 
to inherent instability of the wheel base or to rough track. Both 
cases have been reduced to calculations by which the tendency 
of locomotives to start oscillation may be compared. The 
calculation of the oscillation itself has been divided into two 
parts. 

First, assuming some reasonable type of oscillation, it is possi- 
ble to calculate the speed at which the oscillation will just sustain 
itself because the losses and gains of energy are equal. Further 
details of these calculations are given in the Appendix. This 
speed is proportional to the frequency of the oscillation, which is 
still unknown. Other factors, such as the lag of the rear end be- 
hind the front end in side motions, can be calculated to give the 
lowest critical speed. 

After this energy calculation is made, a study of the motion 
in more detail is made to determine the frequency and to ascertain 
whether the forces resulting from such a motion will approximate 
those required to produce it. The calculation is essentially one of 
Successive approximations. It is practical because the frequency 
is not affected much by the friction and damping. Therefore, the 
calculation of frequency can, after some experience, be made 
quite simply in many cases. 

These calculations apply chiefly to straight track. On curves, 
it is usually sufficient to draw a diagram of the locomotive in the 
curve showing the locomotive in equilibrium and to see whether, 
with large variations in friction, the position is stable. The 
author has found it most useful to use a diagram in which a re- 
duced scale is used for the direction corresponding approxi- 
mately to the length of the locomotive and to use a full scale at 
right angles to this direction. Then clearances are approxi- 
mately full size and the diagram is accurate at all points. 

These calculations, particularly the energy method of studying 
oscillations on straight track and the layout method for curves, 
generally allow a steady locomotive to be designed or indicate 
the reason for observed instability. If severe flange pressures 
cannot be avoided, their values can be estimated by following 
these methods further. The allowable limits of pressure have been 
investigated in an elementary way to bring out the important 
factors, and some methods of calculation have been outlined, relat- 
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ing to derailment and lateral shifting of track. These methods 
of calculation are given in the Appendix. 


Trest MrtrHops 


Most of the author’s tests have been made to record lateral 
pressure between the axles and the locomotive frame: This is 
done by modifying the journal boxes so that the axles are re- 
strained laterally by steel ‘‘weigh-bars” one on each side, these 
bars being adjustable to give the required clearances. Lateral 
pressure bends one of these bars, and an electromagnetic strain 
gage on the bar records the pressure on an oscillograph record. 
The bars are calibrated statically in a testing machine. Records 
have been obtained both on films and on paper rolls 100 ft long. 
Pressures on all axles of a locomotive may be recorded simul- 
taneously. 

Tests have also been made in which truck motion, acceleration, 
rail stress, and rail pressure have been recorded. The author 
has also had access to numerous tests of this nature made by 
other investigators in this field. 


CoNcLUSIONS 


In order to keep a locomotive of conventional type from exert- 
ing high flange pressures on straight track when moving at high 
speed, the wheel base should be long and the clearances small to 
reduce angularity in the track. The independent swiveling of 
trucks on straight track should be prevented. Wheels near the 
center of the locomotive should be flanged and should preferably 
have lateral freedom in the frame, so that they guide themselves 
and do not reduce the stability of the wheel base. 

Springs should be as soft as is practical to cushion blows and 
reduce the forces due to oscillation. 

On high-speed curves, truck restraints and wheel bases should 
be studied to avoid instability. On sharp curves the long wheel 
base should be able to adjust itself to reduce angularity between 
flanges and rail, and to avoid high flange pressures. 

The height of the center of gravity of the locomotive is a com- 
promise. In general the height should be reduced where the 
locomotive is well guided and where the track is good. 

Excessive axle weights should be avoided. In actual designs, 
these ideals can only be approached. Long rigid-frame loco- 
motives tend to oscillate on high-speed curves and to derail on 
sharp curves. Therefore, designs must aim particularly at re- 
ducing these tendencies. Because articulated locomotives tend 
to oscillate on straight track at high speed, restraining devices 
are used to eliminate this tendency. Truck restraints with de- 
creasing characteristics may also be necessary to avoid excessive 
flange pressures on sharp curves. 

Good track maintenance and uniform construction and stiff- 
ness with the minimum practical flange clearance are always of 
great importance. 

It is very desirable to obtain more measurements of forces 
produced by different locomotives and particularly to make 
further tests on the limiting forces which track can safely with- 
stand. 

An energy method of calculating locomotive oscillations has 
been developed by B. F. Langer and J. P. Shamberger,? but their 
calculations do not agree with those given in this paper. 
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Appendix 


FRICTION AND CREEPAGE BETWEEN WHEELS AND RalILs 


According to a common theory, a wheel will roll on a rail 
without slipping until the tangential force at the point of contact 
is sufficient to overcome the friction, given by the load on the 
rail multiplied by the coefficient of friction. As long as the force 
retains this value, the wheel will continue to slip. The coefficient 
varies greatly with the conditions. Usual typical values are 
given in Table 1. 


TABLE 1 COEFFICIENTS OF FRICTION FOR DIFFERENT RAIL 


CONDITIONS 
Condition Coefficient 
Goodiidry condifionsymo slipping io. s rsies seieivinie <le) ately i< = =< oy etatels 0.35 
Wetisurtaces, no slipping. Sc. ee ener af 0.25 
Dry surfaces, slow speed and slight slipping... 0.25 
Dry surfaces, high speed and slight slipping... BAN 0.15 
Dry surfaces, wheeliaprahing J fi), ..20 iG we Seni ea ae 0.05 


If the wheel and rail were rubber, the rolling wheel could creep 
in the direction of any tangential force, due to the elasticity of 
the materials in contact. Steel being elastic, the same creep 
must occur to a reduced extent and theoretical studies indicate 
that the amount of the creep is sufficient to allow many of the 
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motions of actual locomotive wheels without requiring the whole 
area of contact to slip. The creepage is defined as the ratio of 
creeping to rolling displacement of the wheel. The creepage co- 
efficient is the ratio of tangential force at the point of contact to 
the creepage. 

The creepage coefficient has been calculated for a particular 
case of F. W. Carter,*4 who gives the formula 

f = creepage coefficient, lb 
= 3500 (wheel diameter, in. X axle load, lb)°-5 

The present author has made about 50 measurements of the 

lateral force required to hold an axle with blind tires while going 


3 “On the Action of a Locomotive Driving Wheel,” by F. W. Car- 
ter, Proceedings, Royal Society of London, series A, vol. 112, 1926, 
p. 151. 

4“The Running of Locomotives With Reference to Their Tenden- 
cies to Derail,’’ by F. W. Carter, Selected Engineering Paper No. 91, 
The Institution of Civil Engineers, 1930. 


RAILROADS 


around various curves. The results are rough, due to such condi- 
tions as fluctuations in the force and uncertainty as to super- 
elevation, but the results plotted in Fig. 1 for speeds of 25 to 60 
mph and in Fig. 2 for speeds of 60 to 70 mph show a marked 
tendency for the lateral force to decrease to zero with the curva- 
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ture, for curves less than about 3 deg. The angularity of the axle 
to the track radius can be estimated for the locomotive on which 
these tests were made. It increases roughly with the curvature. 
Calculations in the range from 1 to 2 deg give an approximate 
angularity (and therefore creepage) of from 0.0007 to 0.0017 
and an average creepage coefficient of about 8,500,000 Ib. Dr. 
Carter’s* formula gives a creepage coefficient in this particular 
case of 8,600,000 Ib. The difference is less than the probable error 
of either figure. 

The creepages required to allow the oscillation of locomotives 
at high speeds on tangent track are within the range of these 
tests and the author therefore believes that the creepage theory is 
a legitimate one to use in such studies. 

It should be noted that J. Buchli’ made model tests and con- 
cluded that: “To cause lateral movement of a hauled wheel from 
its neutral position, a force of definite magnitude is necessary, 
the value of which is equal to the product of the load on the wheel 
multiplied by the coefficient of friction... . ” 

Applying Carter’s formula to the loaded wheel used by Buchli 
(about 12-in. diameter with less than 1000 lb load) the maximum 
creep before complete slippage would be of the order of 0.04 per 
cent, which would be inappreciable in the test. Buchli’s result 
applies to wheels running with considerable angularity on sharp 
curves and does not contradict the author’s observations at high 
speed, where the angularity of wheels is very small. 


OscrLLaTions STARTED BY INHERENT INSTABILITY 


There are some locomotives which are unstable on perfect 
track, even before the flange forces come into play. Such a loco- 
motive will always start to deviate from steady motion down 
the track. When the flanges hit the rail, the resulting oscillation 


; ‘may sustain itself or may decrease, but if it decreases a new one 


will start, resulting in more flange impacts and so on indefinitely. 
This natural instability has been studied by F. W. Carter.*4 
Broadly there are two causes of instability. 

The first is the tendency of certain combinations of wheel bases 
to get out of line. A 4-4-0 locomotive with sufficient guiding 
force in the engine truck will follow that truck and tend to 
straighten itself. The same locomotive reversed, 0-4-4, will 


5 “Behavior and Movement of Locomotive Wheels on the Track,” 
by J. Buchli, Bulletin of the International Railway Congress, new 
series, vol. 6, no. 6, June, 1924, pp. 417-437. 
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buckle because the rear truck tends to run in its own direction, 
which causes the drivers to become more and more out of line 
with the truck. A stable locomotive, from this point of view, 
will tend to straighten its wheel base and proceed in a straight 
line, but this line will not necessarily be the center line of the 
track. The angular deviation will be that produced by an acci- 
dental disturbance and will not be increased by buckling of the 
wheel base. 

The second cause of instability is the coning of wheel treads. 
A rigid truck wheel base with all wheels equal and coned, moving 
slowly down uniform track will, if given a slight displacement, 
tend to move sinuously, the motion repeating after a certain dis- 
tance. As the speed increases, the motion becomes unstable, 
due to the mass and moment of inertia of the truck. If the wheels 
are of different diameters, a truck with smaller wheels leading 
tends to run more stably and one with smaller wheels trailing 
tends to run more unstably. 

In the author’s opinion the effects of coning on large locomo- 
tives are generally small, because (1) the coning of new wheels 
is generally small, (2) the coning of new wheels is quickly worn 
down, and (3) the clearances between axles and truck frames 
usually tend to reduce its effect. On the trucks of light-weight 
high-speed cars, the effect of coning is considerable. 


OscittaTion Starrep By RoucH Track 


If track is poorly surfaced it will start a motion of the loco- 


motive. A rolling motion results from variations in the level 
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Fic. 3 Anais or Rout or a Veutcun Arrer Passinc Over A 
Track [RREGULARITY 


of the two rails. In general, this roll is reduced by giving the en- 
gine a long natural period of roll on its spring system and by 
increasing the locomotive length, so that the various axles pro- 
duce their effects at different times and interfere with each other. 
If the surface irregularity is very short, the effect on each axle is 
to produce an angular velocity 


(Al/2) X (kg/I) X (1/V) 


Where A = maximum cross-tilt of the track at the irregularity; 
1 = the length of the irregularity which is assumed to have the 
shape, A[l—cos(27x/l)]; & = moment acting on the body of 
the locomotive, due to the springs, per unit angular movement of 
the axle; g = acceleration due to gravity; J = the moment of 
inertia of the locomotive body in roll about an axis through the 
centers of the axles; and V = the speed of the locomotive. The 
angular velocity can be represented by a vector rotating with 
angular velocity equal to 27 times the natural frequency of the 
locomotive in roll. 

If the next axle is a distance LZ behind the first one, it will 
receive its impulse after a time L/V and the subsequent motion 
is represented by adding to the first vector a second of a mag- 
nitude calculated for the second axle and lagging a time L/V 
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behind the first. The effects of successive axles can be added in 
a similar way. If the locomotive springs are heavily damped, 
the resultant vector can have this damping applied to it during its 
rotation. 

This vector diagram will show the rolling motion completely. 
It will be clear from inspection that if a locomotive has n similar 
axles which are equally spaced, it will leave the irregularity with 
no roll at all if the time taken to pass over it is just equal to 
(n —1)/n times the natural period of the locomotive in roll 
(assuming undamped springs). Fig. 3 shows the relation be- 
tween the final roll and the speed of a symmetrical two-axle truck 
plotted in dimensionless coordinates. As V/fL increases above 2, 
the roll 


8/[(Al/2) X (kg/fL)] 


increases to about 0.36 and then decreases steadily toward zero. 

Roll in itself will not always start any other oscillation, but it 
constitutes a reservoir of stored energy which produces nosing 
if any accidental angularity occurs. 


FLANGE Impacts 


When a wheel flange runs against the rail, its lateral motion is 
quickly stopped. The locomotive begins to roll and the flange 
tends to bounce back away from the rail. If the center of gravity 
of the locomotive continues to move in the same direction after 
the impact, the springs, in bringing the locomotive back from its 
roll, will pull the flange back again and a second impact will take 
place. On the other hand, if the center of gravity is low, so that 
the impact reverses the direction of its motion, the flange may 
not come in contact with the rail again until the whole locomotive 
has completed another oscillation. Actually, the impact is re- 
duced by the effect of the increasing diameter in the throat of 
the wheel flange, which tends to prevent direct impact on the 
flange. The detail calculations of multiple flange impact are not 
difficult, but may be very laborious because of the repeated dis- 
continuities in the forces. In many cases where the locomotive 
as a whole is being studied it will be found convenient to make 
the following simplifying assumptions: 

With the flange hitting the rail, consider a point above the 
axle situated on the longitudinal axis through the center of 
gravity of the locomotive body. If, after impact, this point moves 
away from the impact point, then subsequent impacts are 
neglected. If this point moves toward the impact point, then 
the impact is recalculated, assuming that the flange is guided 
along the rail smoothly as the result of an inelastic impact. For 
the dividing line, where the point is stationary, the two assump- 
tions do not give the same result, but the actual motion is con- 
siderably affected by small variations, so that it is not unreason- 
able to have a case where the solution is uncertain between two 
limits. When spring friction or damping is taken into account, 
the impacts are usually simplified, the approximations become 
more accurate and agree well among themselves. If necessary, 
the more exact calculations of multiple impact can always be 
made. 

The theory of multiple impact is borne out by the nature of 
actual blows as recorded in high-speed oscillograms. Under 
varying conditions, particularly of spring friction, these show (1) 
single blows, (2) fluctuating blows, and (3) blows in which the 
rebound actually divides the blow into two parts, an initial 
peak, falling to zero and followed by a fluctuating pressure of 
longer duration. Calculation of impact fora single unit is made 
as follows: 

If h = the height of the center of gravity above the centers 
of the axles, k, = radius of gyration about a longitudinal axis, 
k, = radius of gyration about a vertical axis, 1 = distance of 
impact ahead of the center of gravity, W = weight of the body, 
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u = lateral velocity of the center of gravity, w, = angular ve- 
locity of the nosing action, and w, = angular velocity of roll, 
then the equivalent mass at the point of impact is 


r Liswms eer] 
g L1+ (?/k,?) + (2/K,?) 


and the impact is 


Ww 2 

S| SSS SSS lw, — hw, 

9 ; + (/h,) + al tas 
Therefore, after the impact, the velocity of the point c = 1, y = 0, 
andz = Ois 


E 2(u + ko, — hee) ] 
1+ (8/k,2) + /k,?) 
u + lwo, — hw, 
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CRITICAL SPEED ON TANGENT TRACK 


The energy method of calculating critical speed is similar to 
other energy methods used in engineering calculations. A reason- 
able sinuous motion is first assumed and the loss or gain of energy 
of the locomotive is calculated for this motion. The loss and 
gain depend on the speed of the locomotive, and the lowest speed 
at which they balance is called the critical speed. Subject to 
reasonable limitations the shape of the assumed path can be varied 
to obtain a minimum critical speed. 

Assuming a constant forward speed V, the locomotive ean dis- 
sipate energy (a) by lateral and angular oscillations which cause 
the wheel treads to slip or creep on the rail, (b) by rolling, due to 
friction and damping in the springs, (c) by the operation of 
such devices as internal friction plates and dampers, (d) by im- 
pacts between flanges and rails, and (e) by rough track where this 
reduces existing oscillations. It can gain energy by (f) the 
tendency of any angularity of the wheel base to give the engine 
a lateral velocity and (g) rough track where this starts or increases 
oscillations. It is easier to consider first (a) and (f), the forces 
at the head of the rail. It is clear that with perfect uniform track 
it is not possible to gain or lose energy in flange impacts because 
these are uniformly elastic and the only forces left are those of 
slip or creep between the head of the rail and the tread of the 
wheels. 

The calculation is based on the fact that the rate of gain of 
energy at each point of contact is equal to the force acting on the 
wheel multiplied by the velocity of motion of the point of applica- 
tion in the direction of the force. If the motion is in a direction 
opposite to the force, the gain becomes a loss of energy. First 
assume that the wheels creep, with a creepage coefficient f. 

Let an arbitrary reference point o shown in Fig. 4, be taken 
which moves down the center of the track with velocity V. Let 
the wheel base be deflected a distance y to o’ and rotated an’ 
amount @. Then the lateral deviation of an axle distant 1 
ahead of the reference point is y + 1@. The lateral velocity is 


y+ 
Of this velocity, V@ is due to rolling displacement of the wheel, 
and the velocity of creep is 
y +l4—Ve 
The creepage force is 


—= (Vy Pee Ve 
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The rate of gain of energy is creepage force times la- 
teral velocity 


= —G/V) (y + 6 — Ve) (y + ) 


Now assume that y and @ are sinusoidal, which is a 
reasonable first approximation, and let w = 2zxf, where 
f is the frequency. Then 


y = XY sin wt 


6 may be written 6 cos (wt + «), @ being now the maximum 
value, and the average rate of gain of energy 


= — G/V)[(¥%w?/2) + Ylew? sine + (1w%?/2)] 
+ f(@Yw cos €/2) 


For the whole wheel base, summing over various 
axles 


Gain of energy = — 2(fw?/2V)[Y? + 21Y@ sin « + 1292 
— (V/w)Y@ cos «] 


For the critical speed, this must be zero, or 


van Be + 21Yesin « + 3] 
eet ae ZfY@ cos « 


Bay | aio, 22/1 fl 
-« [20+ =f ee 2: =f =| 


Choose the origin of the coordinates so the Sfl = 0. This makes 
the second term vanish, making it obvious that the least value 
of critical velocity Ver is given by the cos e = 1, so that 


Ver = w[(¥/0) + (2fP/2f)(6/Y)] 


which is a minimum when 


Y/@ = (2fP/2f)(6/Y) 
Therefore 

¥/e = VS (2fl?/2f) 
giving 

Ver = 2wr/(Sfl?/Zf) 


\ This calculation neglects the effect of the track gage, although 
it can be taken into account by adding the effect of longitudinal 
forces due to the different longitudinal speed of the two wheels 
on one axle. j 

The rate of gain of energy is increased by 


— 0.25( f/V) S76? 


where S = the track gage measured between center lines of the 
tread contacts. Therefore, the speed 


V = 24 et OYA) 
i 


Finally, the effect of lateral clearances in the locomotive has to 
be taken into account. This theory is a first approximation, the 
motion of all parts being assumed sinusoidal. It follows that a 
proper assumption to make with regard to axles with clearance 
in the journal boxes is to take their motion as sinusoidal and to 
make the assumed positions coincide with the real positions at 
the extreme points of the cydle, where impacts take place. There- 
fore, assume that the motion of the frame laterally with respect 
to the axle is proportional to the motion of the axle laterally with 
respect to the track and that the internal clearance is taken up 


TOTAL LATERAL VELOC! 
Or WHEEL = y +L6 
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at the same time as the track clearance. In any oscillatory mo- 
tion this will give very closely the same extreme conditions, the 
same track impacts and the same net energy transfer at the head 
of the rail as in the real motion. 

As a second approximation, if necessary, the motion calculated 
in this way can be plotted and corrections made graphically. 

Let C; = the internal clearance between axle and frame, 
C,, = the track clearance between flanges and rail, and » = the 
ratio of track clearance to total clearance, so that 


w= C,/(C; + C,) 


First assume that u is the same for all axles. 


afl? + (S*/4u*)) qos + (82/4)] 
2 Da 


Then 
Ver ue 


so that internal clearance is equivalent to a reduction in wheel 
base. 

If different axles have different clearances, so that each axle 
has its own value of », then the origin of the coordinates is to be 
taken so that Dfy2] = 0 and 


Ne yen X Bll? + (S?/4)] 
(Shu)? 


Losses due to spring friction and the effects of coning may be 
included similarly. These formulas depend on the creepage 
theory of wheel action. It is worth while to show that if slippage 
with constant friction is assumed, the results do not differ 
greatly. 

Take the simple case of a truck with two equal axles and 
assume that the motions are sinusoidal. In Fig. 5 consider the 
motion of the front wheel across the track, along the path A,B}. 
The motion is uniformly to the right, so that if the friction force 
is also to the right, the front wheel will gain energy, but if it is 
to the left the front wheel will lose energy. In the position shown, 
both wheels are losing energy and will continue to do so until 
they become tangent to their paths or their directions of motion 
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change. An examination will show that the lowest critical speed 
is obtained by letting the rear wheel touch the left rail as the front 
wheel crosses the center line of the track tangentially to its path. 
Then, when the front wheel passes C; its loss will become gain. 
Similarly, the rear wheel will start to gain energy after it passes 
A». Hach wheel gains energy over half its lateral path and loses 
it over the other half so that the gain and loss are balanced. 
This condition for minimum critical speed is expressed by the 
formula 


21 = Vor/w or Ver = 2lw 


which is the same formula as was obtained by the creepage 
theory for this case. 
More complicated wheel-base arrangements can be calculated 
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analytically if required, using vector diagrams to portray phase 
relationships. 


FREQUENCY OF LOCOMOTIVE OSCILLATIONS 


The frequency of roll is given by the well-known formula 
f = (1/2r)V[(M — Wh)g/Wk?| 


where f = frequency, cycles per sec; M = the restoring mo- 
ment, ft-lb per radian; W = the weight of the rolling part, lb; 
h = the height of the center of gravity of the rolling part above 
the center of rotation (center line of the axles), ft; k = the radius 
of gyration of the rolling part about a longitudinal axis through 
the center of rotation, ft; and g = acceleration due to gravity, 
32 ft per sec per sec. 

The ratio M/W is called the metacentric height h,,, and there- 
fore the last given equation can be written 


f = (1/20)V[ (hn — h)g/k? 


In some cases, the natural frequency of roll is also the fre- 
quency of nosing oscillations. This is true particularly of loco- 
motives consisting of a single rigid frame, with a high center of 
gravity and a fairly low frequency of roll. When the flange of 
the rear driver of such a locomotive hits the rail, the rolling 
oscillation keeps this flange in contact until the return of the 
center of gravity allows the flange to leave the rail and the 
axle to move quickly across the track, where a roll in the opposite 
direction takes place. 
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If the frequency of roll is very high, the time taken by the roll 
will be short and the time taken by the axle to pass through the 
clearance will become important. To illustrate this, Fig. 6 shows 
the great effect which amplitude of motion has on frequency 
for the simplified case of a weight moving between springs, with 
clearance. 

At the other extreme is a locomotive with an extremely low 
center of gravity, in which case the flange impacts do not produce 
any appreciable rolling and the frequency depends entirely on the 
speed with which the axles traverse the clearance. In the study 
of critical speed, it was shown that for a self-sustaining oscilla- 
tion 


V = Cf/cos « 


where V = speed, C = a constant depending on the type of loco- 
motive, f = frequency of motion, and (7/2) — e = phase differ- 
ence between lateral and rotational motions. If cos e = 1, then 


f = d/QV 


so that the frequency would increase with speed. The lateral 
blows on the flanges, which produce the necessary acceleration 
would be roughly proportional to the square of the speed. Ac- 
tually, with extreme oscillation, the locomotive would tend to 
be thrown more nearly broadside onto the flanges, i.e., the lateral 
and rotational motions would come more nearly into phase. 
Then cos « would be less than unity and the frequency of sus- 
tained oscillations would no longer be proportional to speed. 
Nevertheless, the highest frequency oscillation which could be 
sustained is given by f = (1/C)V and this will give an upper 
limit to the severity of the blows at any speed if rolling or other 
lateral motions in the locomotive are negligible. Detail calcula- 
tions are necessary to proceed further. In starting the study of 
a locomotive, vector diagrams are very useful, as long as their 
limitations are recognized. 

Another useful approximation is to consider the front end 
of the locomotive fixed against one rail and to calculate the 
period of swing of the wheel base as a damped pendulum, 
under the effect of the creepage forces. In some cases the motion 
can be divided into two types, to each of which an approximation 
applies. 


OPERATION ON CURVES 


Locomotives may oscillate at high speeds on curves of long 
radius. The energy methods of calculation are frequently useful 
but there are other ways of attacking the problem which are often 
more direct. The first stage in any study is to find the equilibrium 
position of the locomotive on the curve. For curves of very long 
radii the creepage theory is probably the most correct to use. For 
sharp curves, the theory of slipping is more correct. For prelimi- 
nary studies it is generally very enlightening to take, for con- 
venience, the theory of constant slipping force and to neglect the 
effect of the width of the gage. Then any wheel which slips is 
subject to a lateral force equal to the weight on the axle multi- 
plied by the coefficient of friction. This coefficient may conven- 
tionally be taken as 25 per cent for slow speed on sharp curves 
(roughly up to 40 mph and on 6-deg curves and sharper), and 15 
per cent for high speed on long-radius curves (roughly above 
60 mph and up to 4deg curves). 

The locomotive wheel base is laid out in a possible position on 
the curve in question and the forces are evaluated. If the forces 
are in equilibrium the position has been correctly chosen. If 
the forces have a resultant, the locomotive is moved in the 
direction which this resultant indicates until finally an equilibrium 
position is located.5 

When the equilibrium position is obtained it should be ex- 
amined to see if it is stable. Stability is shown particularly by 
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two well-defined points at which the locomotive is held against 
the rail, these points being well separated to give a long base. If 
there is only one definite point and the locomotive is balanced by 
slipping wheels, guiding-truck restraints which are not locked, etc. 
the locomotive will be unstable at even slow speeds, because the 
frictional and other forces are not actually constant. Every 
slipping wheel will, if it can, roll and slip alternately, following 
a saw-tooth path. Therefore, the equilibrium position must be 
independent of large changes in the coefficient of friction. Also, 
wheels which make considerable angles with the rail should be 
able to execute small rapid oscillations without forcing the main 
mass of the locomotive to follow them, otherwise major oscilla- 
tions will be started by small track irregularities. 

A frequent cause of oscillation is due to excessive speed where 
the centrifugal force becomes sufficient to shift one or more 
axles from the inner to the outer rail, thus upsetting the balance 
and causing the locomotive to oscillate. More detailed calcula- 
tions of any kind of motion which is indicated by this preliminary 
study can be made using energy methods as used for critical speed 
on tangent track. 


SAFETY 


Lateral pressure on an axle may (1) cause derailment, (2) 
spread or overturn the rail, (3) move the track bodily through the 
ballast, (4) break the axle, frame or other parts of the locomotive, 
or (5) may overturn the locomotive. 

Derailment. The formula for the maximum lateral pressure 
on an axle which can be exerted before the wheel flange will climb 
the rail is,® for a positive angle of attack 


H/W = |(tan a —f)/(1 +f tan a)] — (W’/W)f 
For the flange tangent to the rail 
H/W = tana 


The formula for the positive angle should be used in order to be 
safe. For a negative angle of attack 


H/W = |(tanae + f)/(1 — ftan a)) + (W'/W)f 


In these formulas H = the lateral force on the axle to produce 
derailment, W = the vertical load at the rail on the wheel which 
derails, W’ = the vertical load at the rail on the other wheel of 
' the same axle, a = the inclination to the horizontal of the plane 
of contact between the flange and the rail, and f = the coefficient 
of friction. The vertical loads are not the static loads but are 
those actually existing at the time of derailment. 

The coefficient of friction is conventionally taken as 0.25. For 
high speed and small angles of attack it will probably be less al- 
though for slow speed on very sharp curves it may be more. It 
is suggested that for negative angles of attack, where decreased 
coefficient of friction decreases the allowable lateral load, 0.15 
should be used for high speeds and small negative angles of 
attack. 

The angle a, which is the inclination of the plane of contact 
between flange and rail, depends on the contour of the flange 
and of the rail, and’on the angle of attack. 

While the contour of the flange can be drawn, it is very labori- 
ous to determine graphically the effect of angularity between the 
plane of the wheel and the plane of the rail. The following semi- 
graphical method can be used where the angularity is enough to 
make it worth while. 

The contour of the tire is drawn. Any convenient point on the 
contour is chosen as the origin of the coordinates and the contour 
is then a curve connecting # and y as shown in Fig. 7. 


6“Traité de Stabilité du Matériel des Chemins de Fer,” by 
Georges Marié, Ch. Béranger, Paris, France, 1924, pp. 288-299. 
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If the wheel is now turned through an angle @ about a vertical 
axis, the projected contour becomes a new curve, determined by 
X and Y as before and also by Z, perpendicular to the plane of 
projection. 
Then, corresponding to any original point (z, y) there is a new 
point on the projected contour (X, Y, Z) given by 


(E2Y)* = (hy)? [1 — OF tae)? | 
X = cosé[e + (R—y)y' tan? 6] 
Z = —sin 6[e — (R— y)y?] 


where & = the radius of the wheel measured to the point on the 
tire which is taken as the origin of the coordinates, and yi = 
dy/dx in the original curve y = f(x). 


Q 


Fig. 7 Dracram or TirE Contour ON AN INCLINED WHEEL 


Take a number of points (z, y) on the original contour, calcu- 
late X and Y by the latter three formulas, and plot Y against X. 
This will be the projected contour of the tire when turned through 
an angle 6. The projected contour can then be laid against a 
section of the rail to determine where they touch, and the slope 
of the tangent at the point of contact can be measured or calcu- 
lated. If required, Z can also be calculated for this point to ascer- 
tain how far ahead of or behind the center of the wheel the point 
of flange contact is located. To prove the validity of these formu- 
las refer to Fig. 7. Take the origin of coordinates at a point O 
on the tire. Let P be any point on the surface of the tire, with 
coordinates X,, Y, Z,. In the normal cross-section of the tire, 
P would have coordinates 2, y. 

Now rotate the wheel about a vertical axis OQ through an 
angle 6 so that P moves to P!. The coordinates of P} are X, Y, 


and Z. Then 
Ko = iw 
US IIR ea) Ile a roel Ue el i a [1] 
RS hh Ae cms KA Tay ZO8 AR Ay A eee [2] 
ONG ye ee [3] 


1 + (X,X/Z,Z) 


A condition when X, Y, and Z are on the projected contour of 
the tire is expressed by 


(DXPSL) Pa et Werte rel aa) [4] 
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From Equations [1], [2], and [3] 
(R—y)? — (R—Y)*? = (Zcosé + X sin)? 


and 
az = Xcos@ — Zsind 


Differentiating with respect to Z, keeping Y constant and 
putting (0OX/0Z)y = 0 


—2(R — y)(dy/0Z)y = 2 cos 0(Z cos @ + X sin 8) 


F Les /INCH 
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Fie. 8 Track Disptacep By A STATIONARY LOAD 
and 
(da/dy)(0y/0Z)y = —siné 
Eliminating (dy/0Z)y 


(R — y)(dy/dz) tan @ = Zcos6 + X sin# 


Therefore 
(R—Y)? = @—y)?[t — GY tan 6)?]...5....... 2. see. (5] 
X-= cos 6[ 27-1 ——4) yh tan Oller re nee [6] 
Z = —sin 6[z — (R— y)y}]... 0.2... eee (7] 


If the contour can be expressed by a formula, the projection 
can be calculated directly. For example, if the contour is conical 
y = «tana and the slope of the projected cone is 


tan a/cos @+/(1 + tan? a tan? 0) 
Movine Track 


An excessive lateral load may move the track bodily through 
the ballast. The resistance to this motion is the friction be- 
tween the ballast and the bottom of the ties. 

A certain amount of side thrust can be exerted without any 
motion of the ties because the bending and twisting of the rail and 
compression of the ballast will distribute the thrust over a num- 
ber of ties and the thrust on at least one tie must overcome the 
total friction on that tie. There is little data available as to the 
distribution of lateral pressure between ties up to the point where 
they slip. After slipping starts, the following simplified calcula- 
tion is useful. 

Assume the frictional force resisting side motion is constant 
and equal to F lb per in. Consider also, the case where deflec- 
tion is all in one direction. In order for this to be possible, with 
a single applied load, reaction forces S are required at the points 
where deflection starts. Let the total length of deflected track 
be 21 in. Let the lateral load be W;. Then S = Fl— (W,/2) 
as can be observed from Fig. 8. 

For equilibrium and positive values of z, taking the origin at the 
point of application of the lateral load to the undeflected rail 


Meee Ws m4 x \* x \* 
Ps aa | 1-0 (2) Bray (=) i (2)'| 


where # = the modulus of elasticity of rail steel, J, = lateral 
moment of inertia of the track (two rails), 1 = 0.75(W,/F), and 
y = the lateral deflection of the track. 
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The maximum deflection at the load is 
Yo = 0.0044(W,1/F*EI,) 


Field tests show that this equation represents the facts fairly 
accurately for deflections from 0.25 in. to 1 in. For small deflec- 
tions, the loads are less than given by the equation. It appears 
that deflections up to approximately the order of 0.25 in. can be 
produced in heavily loaded track without causing permanent 
slip. In field tests, track was shifted considerably under a load 
and returned practically to the original position when the load 
was removed. 

If the vertical load on an axle is W,, the vertical force on the 
ballast per inch at a distance « is known to be 


P = (x/8)(W,/xe~%*/4" [cos (ra /4ay,) + sin (1a/42y)] 


where a, = (1/4) ¥/(4EI,/U), I, = the vertical moment of 
inertia of one rail, and U = the modulus of foundation of one 
rail. 


F.Les /incn 


iS DIRECTION OF 
MoTION OF LOAD 


Fic. 9 Track DispLacep By A Movine Loap 


The maximum pressure under load is 
P, = (1/8)(Wy/%) 


Dividing the frictional force F by the vertical force P,, an 
index of the nature of a coefficient of friction is obtained. Numer- 
ous tests on good track with wooden ties in stone ballast show 
values of F/P, ranging from approximately 0.9 to 1.9 according 
to the condition of the track. The value increases with age up 
to the point where the ties decay if the track is undisturbed. If 
the track is raised and the ballast disturbed, the index is re- 
duced. Observations on some metal ties indicate a materially 
lower resistance to lateral motion. Except on newly laid track 
or metal ties, it seems reasonable to rely on a ratio of at least 1.0. 

Actually, the lateral friction force F will not be constant along 
the rail but will decrease as the vertical pressure on the ties de- 
creases and will be affected by adjacent wheels. Except on the 
first wheel of a locomotive, however, the adjacent wheels tend to 
keep the track uniformly loaded and therefore the assumption of 
a constant force F per inch is reasonable. A leading wheel will 
move track a little more easily than these approximate formulas 
indicate. The previous discussion refers to statie conditions. 
When the locomotive is moving, less lateral force is required to 
shift the track. 

In Fig. 9, let O be the origin of the coordinates. Consider the 
track moving in one direction only and remaining shifted after 
the lateral load has passed. Let the coordinates move with the 
same speed as the load. Then, for the moving section 


EI (d*y/dz?) = Sx + W{x—1} — (Fx?/2) 


where {...} are Macauley brackets, i.e., the bracket is taken as 
zero whenever the bracketed term is negative. 
But 


S = Fil+m) — W 
Therefore 


EI (dy/dz?) = [Fl + m) —W]z + Wie —l} — (F2?/2) 


RAILROADS 


and since (dy/dz) = 0 when x = 0 
EI (dy/dx) = [F(l + m) —W](2?/2) + (W/2){2—1}2— (F23/6) 
Also putting (dy/dz) = 0 whenz =1 +m 

(F/3)(l + m)? = (W1/2)(L + 2m) 


and taking moments about the origin 
Wl = (F/2)(1 + m)?2 


LATERAL PRESSURE, THOUSANDS OF PouNDsS 


30 40 50 60 TO 80 
AxLE LOAD, THOUSANDS OF Pounos 


Fie. 10 Larerat Pressurp From A Movine Loap Reauirep To 
Propucs 0.25-In. Track Movement 
(F/Po = 1; Wi = 12.2 Wv3/4.) 


whence 1 = 2m = (8/9)(W/F) 


Integrating again and putting « = 1 + m, the maximum de- 
flection is found to be 


Ymax = (32/2187)(W*/F*) = 0.0146(W,4/F°EI,) 
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Otherwise, for the same maximum deflection, the ratio of moving 
force to static force will be 


~/(0.0044/0.0146) = 0.74 


The lateral force exerted by a moving locomotive axle to pro- 
duce a 0.25-in. displacement of the track may be used as a con- 
venient index. According to the previously given formulas 


0.25 = (0.0146W,!/(F°EI,) 
and 
F = (F/P,)(W,/2)W(U/4EI,) 
Therefore 
W, = (E¥18/1.07)(F/P,)%(1,4/1,/%) U6 W,3 
and if # = 30,000,000 lb per sq in. and Cpr yy = il 
W, = 2.74(1,2/1,°/1*) 9/16 pw, 


The latter formula indicates that the weight of the rail has 
very little influence, that the modulus of foundation, i.e., the 
stiffness of the ballast, is quite important, and that, other things 
being equal, the allowable ratio of lateral to vertical load on an 
axle decreases as the axle load increases. 

Taking typical values for good track with 131-lb rail, J; = 
16.1 X 2 = 32.2, I, = 89, and U = 2500. These values sub- 
stituted in the last given equation give 


W, = 12.2W,3 


the curve for which equation is plotted in Fig. 10. 

In this discussion, the moment of inertia of the track I, has 
been taken as being due to the rails alone, which is not strictly 
accurate inasmuch as other factors enter into it. Before these 
factors can be taken into consideration, additional experimental 
data is required, which is not available at the present time. 
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Lateral Oscillations of Rail Vehicles 


By B. F. LANGER! anp J. P. SHAMBERGER,? EAST PITTSBURGH, PA. 


The authors point out in this paper that lateral oscilla- 
tions, which either do not occur or are negligible at slow 
train speeds, are of vital importance at the high train 
speeds now demanded by the railroads in order for them 
to compete successfully with the swiftly moving auto- 
mobile and the much swifter airplane. Aside from col- 
lisions and broken rails, practically all railroad accidents 
result from lateral derailments, since vertical derailments 
occur only on those rare occasions when a bridge or trestle 
collapses from flood or storm. Lateral derailments are 
caused by lateral pressure of wheel flanges against the rail. 
Therefore, the prevention of lateral derailments requires a 
knowledge of both the conditions which cause high lateral 
forces and of the conditions which must prevail in order 
to keep the lateral forces below some indicated safe value. 

The literature on the subject of lateral oscillations of rail 
vehicles is rather meager. Nadal? and Marie! discuss the 
type of oscillations that are forced. Boedecker,' as well as 
the authors previously mentioned, discusses the weaving 
motion of the wheel base due to the conicality of the wheel 


1—FUNDAMENTAL CONSIDERATIONS 


N ORDER to investigate the possibilities of self-induced 
ji lateral oscillations in rail vehicles, the simple case of a 
symmetrical vehicle with two axles in a rigid frame sup- 
porting a spring-borne mass as shown in Fig. 1, will be considered 
first. It runs on a track the vertical flexibility of which is small 
compared to that of the springs of the vehicle, but which allows 
lateral motion of the wheels and axles, partly through flange clear- 
ance, partly through the riding-up of the wheel onto the throat of 
the flange, and partly through elastic distortion of the track itself. 
The springs of the vehicle allow vertical motion of the sprung 
mass relative to the unsprung mass. They also allow a sidewise 


1 Mechanics Division, Westinghouse Research Laboratories, East 
Pittsburgh, Pa. Mr. Langer was graduated from Stanford University, 
where he received the degree of B.A. in 1926 and of Engineer in 
1928. He has been employed in his present position since 1928, on 
mechanical problems relating to railway engineering. 

* Railway Engineering Department, Westinghouse Electric and 
Mfg. Co., East Pittsburgh, Pa. Mr. Shamberger was graduated 
from Cornell University in mechanical engineering in 1912. He was 
then employed as mechanical engineer for the Rock Island Railroad 
and later as engineer appraiser of railway mechanical equipment by 
the Interstate Commerce Commission. He has been employed in 
his present position since 1923, his work consisting of the design of 
electric-locomotive parts and locomotive testing. 

§ “Theorie de la Stabilite des Locomotives, Part 2; Mouvement 
de Lacet,” by M. J. Nadal, Annales des Mines, vol. 10, 1896, pp. 232. 

4 “Traite de Stabilite du Materiel des Chemins de Fer,’”’ by Georges 
Marie, Librairie Polytechnique, Ch. Beranger, Paris, 1924. 

5“Die Wirkungen zwischen Rad und Schiene,” by Boedecker, 
Hahn’sche Buchhandlung, Hannover, 1887, p. 97. 

Contributed by the Railroad Division for presentation at the 
Annual Meeting of Taz Amprican Society or MEcHANICAL ENGI- 
NEERS, to be held in New York, N. Y., December 2 to 6, 1935. Cer- 
tain phases of this paper were presented at the A.S.M.E. National 
Applied Mechanics Meeting, University of Michigan, June 19, 
1935. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until January 10, 1936, for publication at a later date. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


treads. The weaving action which Boedecker discusses 
must be started by an initial disturbance and, in the ab- 
sence of further periodic disturbances, can neither build 
up to a higher amplitude than that produced by the initial 
conditions nor be sustained, but must quickly die away. 
Carter® develops the stability condition for a rail vehicle 
as determined by the slippage at the treads. 

The essential difference between the previous stud- 
ies*4.5 and the present one is that the previous ones dis- 
cussed forced oscillations the life of which depended 
upon the application of some periodic force, such as that 
from cylinder action or rail joints, whereas the present 
discussion describes and explains a type of oscillation 
which, after an initial disturbance, even though a minor 
one, may build up to dangerous proportions and sustain 
itself indefinitely on absolutely perfect track. This type 
of oscillation is frequently encountered and is commonly 
known as “nosing.” It is only one phase of the whole 
problem, but it represents the most serious menace to the 
safe operation of rail vehicles at high speed. 


rolling motion and a fore-and-aft pitching motion, but no relative 
rotation about a vertical axis. This system has six degrees of 
freedom, three of which are motions of sprung mass relative to 
unsprung mass, and three of which are motions of unsprung mass 
relative to the ground. The three motions of sprung mass rela- 
tive to unsprung mass are (1) vertical motion, (2) rotational mo- 
tion about a transverse axis which is defined as “pitching,” and 
(3) rotational motion about a longitudinal axis which is defined 
as “rolling.” (Since the height of this longitudinal axis above 
the rail is less than the height of the center of gravity, the roll 
results in a lateral displacement of the center of gravity of the 
sprung mass relative to the unsprung mass.) The three motions 
of the unsprung mass relative to the ground are (1) lateral mo- 
tion, (2) longitudinal motion, and (3) rotational motion about a 
vertical axis. The system is not linear, the principal nonlinear- 
ity being in the lateral spring scale of the track. 

As a first step in the investigation of the possibilities of self- 
induced oscillations, the system can be simplified considerably in 
order to determine which features of it are essential to the exist- 
ence of the oscillations. Consider the case of a vehicle without 
any springs and no flange clearance. This eliminates the first 
three of the six degrees of freedom, which are the three motions 
of sprung mass relative to unsprung mass, and makes the lateral 
Spring scale of the track linear. There are now just two possible 
types of lateral motion. One is a rotation about some vertical 
axis and the other is lateral translation of the wheel base. . As far 
as lateral motions are concerned there are just two degrees of 
freedom. In order to have self-sustained oscillations in a system 
with two degrees of freedom there must be transfer of energy be- 
tween the two degrees of freedom and also net energy input to the 
system. In other words, the following three conditions must all 
be satisfied: (1) The rotational motion must produce lateral 
translation; (2) the lateral translation must produce rotation; and 
(3) a periodic force must have a component in phase with the ve- 
locity of lateral translation and a periodic moment must have a 
component in phase with the velocity of rotation. 


6 “On the Stability of Running of Locomotives,’ by F. W. Carter, 
Proceedings, Royal Society of London, vol. 121, 1928, p. 585. 
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As long as there is forward velocity and friction at the treads 
of the wheels, the first condition is satisfied. The vehicle tends 
to travel in the direction of its own center line rather than in the 
direction of the track center line, because of the friction at the 
treads. Thus, whenever there is an angular displacement be- 
tween the track and vehicle center lines, the forward motion has a 
lateral component of which all points on the vehicle partake 
equally or, in other words, a lateral translation. Therefore condi- 
tion (1) is satisfied. 

In order to ascertain if the second condition is satisfied, see Fig. 
2. Here the wheel base is in an angular position and the track 
is bowed out on one or both sides. ‘There is a moment exerted by 
the track tending to restore the wheel base to its neutral position. 
Note, however, that this moment is a function of only the angular 
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position of the wheel base and lateral translation does not affect 
it. If the wheel base is translated laterally, say upward, in 
Fig. 2, the force at the leading axle increases but the force at the 
trailing axle decreases by the same amount and the moment re- 
mains the same. Inspection readily shows that this holds true 
for any position of the wheel base. Consequently, condition (2) 
is not satisfied. The lateral translation does not affect the 
angular motion and no self-induced oscillations are possible in 
this simplified system. 

Now retrace one of these steps and replace the nonlinearity of 
the lateral resistance of the track. Actually, this nonlinearity is 
always present, except under very special conditions, because of 
the flange clearance. The spring scale may be considered as 
one which increases with displacement. Condition (1) is still 
satisfied. In Fig. 2, however, if the whole wheel base shifts 
upward, the leading axle moves in the direction of increasing 
spring scale, and the trailing axle moves in the direction of de- 
creasing spring scale. Therefore, the force at the leading axle 
increases more than the force at the trailing axle decreases, and 
the moment is changed. This change in moment occurs for 
any positions of the wheel base except those in which its center 
line is parallel with that of the track. 

Thus one condition is disclosed which is essential to the exist- 
ence of self-induced lateral oscillations in rail vehicles. The 
lateral resistance of the track must increase with the lateral displace- 
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ment of the wheel from its neutral position. This condition is satis- 
fied if flange clearance is present. 

Tt has been shown that for a conventional rail vehicle the non- 
linearity of the track spring scale must be considered since it 
furnishes the coupling between lateral and rotational motion. 
The differential equations which exactly represent such a system 
are nonlinear and impossible to solve for the general case. As 
an approach to the problem it is interesting to consider a rigid 
two-axle rail vehicle with flanges on only the leading pair of 
wheels. Such a vehicle can sustain its oscillations on a linear 
track without clearance, and the equations which represent its 
motion are solvable. 

In Fig. 3, let y = the lateral displacement between the center 
of the trailing axle and the center line of the track, a = the angu- 
lar displacement between the track center line and the vehicle 
center line, V = the forward velocity of the vehicle, J = the 
polar moment of inertia of the vehicle about a vertical axis 
through the center of gravity, M = the mass of the vehicle, K 
= the lateral spring scale of the track, B = the wheel base of 
the vehicle, and c = the track damping constant. 

In Fig. 3 let positive forces and displacements be upward and 
positive moments and angles counterclockwise. The lateral 
forces at the leading axle are —K(y + Ba) — cy + Ba — Va). 
The lateral forces at the trailing axle are —c(y — Va). 

Note that the sliding velocity of a wheel is not its total lateral 
velocity, but the difference between the total lateral velocity and 
Va. Longitudinal sliding has been disregarded. 

The equilibrium of lateral forces gives 


M(yj + (B/2)a] = —K(y + Ba) —c(2y + Ba —2Va) .. [1] 
The equilibrium of moments about the rear axle gives 
[J + (MB?/4)] + (MB/2)j = —BK(y + Ba) 
L“BG PBs Vai. 4 [2] 


These equations can be solved completely, but this is not neces- 
sary for our present purpose. By the application of Routh’s 
criteria of stability? the conditions under which the motion is 
unstable can be determined. We find that for stability 


B[2Jc?B? + 2KJ* + (1/2)Mc?B4 + (1/8)M?KB‘] 
4J%c + 2cB2JM + (1/4) B4M?c 


If J = (B2M)/4, the case of the mass concentrated at the axles, then 


Va< .. [3] 


Vi < BiC/M) 7 \(KG/40) le eee ree [3a] 
If J = 0, the case of a light swivel truck, then 
V < 2Bi(c/M) + (K/4e)]. 2.5525. .-.: [3b] 


It is interesting to note that this critical speed, below which 
oscillations will die out and above which they will increase in- 
definitely, is directly proportional to the length of the wheel base. 
It also increases with increasing track stiffness and decreases 
with increasing mass of the vehicle. Combining these last two 
statements we may say that the higher the natural frequency of 
the vehicle on the track the higher the critical speed. The term 
“critical speed” as here used does not mean the speed at which the 
oscillations are a maximum, but merely a border-line value above 
which oscillations build up and below which they die out. 


2—APPROXIMATE SOLUTION 


The next step will be to develop an approximate solution for a 
more conventional type of vehicle. Take a two-axle vehicle the 
mass of which is supported on springs and the unsprung mass of 


7 “Mechanical Vibrations,” by J. P. Den Hartog, McGraw Hill 
Book Co., New York, 1934, chap. 7. 
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which is negligible. It has flanges on all four wheels and has 
lateral flange clearance in the track. The lateral spring scale of 
the track is high compared to the stiffness of the springs in the 
vehicle. The friction between the wheel and the rail is constant, 
not proportional to velocity. 

The difficulty in solving the problem lies with the nonuni- 
formity of the track resistance, which changes from zero to a 
large value when a flange hits the rail. It is known, however, 
that whatever the nature of the track resistance, it is such as to 
transform lateral motion of the wheel base into angular motion. 
Therefore, if the wheel base has a periodic lateral motion, it will 
also have a periodic angular motion. Let it be assumed that this 
angular motion can be expressed by the function a = Acoswt. 
The effect on the following solution if a is some other function of 
tis discussed in Appendix 3. 

Fig. 4 shows six successive positions of the wheel base and the 
body. Wherever the rotation is in such a direction as to make 
a pair of wheels move to the same side of the track as that to 
which the vehicle is pointed, that pair of wheels may be sliding 
in either direction, or else rolling. If the rotation is in the op- 
posite direction, the wheels must be sliding in the direction of 
rotation. Thus the direction of sliding of the rear wheels is 
indeterminate in I and IV and that of the front wheels is indeter- 
minate in III and VI. 

Let Y:, Y, = the flange pressure on the leading and trailing 
axles, respectively, Gi, G2 = the friction forces at the leading and 
trailing axles, d = the lateral displacement of the body relative 
to the wheel base due to roll, @ = the vertical load on a wheel, 
# = the coefficient of friction between a wheel and the rail, and 
K = the lateral spring scale of the body on the wheel base. 
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The equilibrium equation for the forces on the wheel base is 
Yi+%+G4+G+ Kd =0.......... [4] 


For condition I, Y; = 0, G, = 2uQ. Then Y; + 2uQ + G + 
Kd = 0, or Va = —2uQ = G2 — Kd. 

Since Y; must be negative, and d is at this time negative, and 
G, cannot exceed 2uQ, then Kd must, in absolute magnitude, be 
equal to or less than 4uQ. If the amplitude of roll is such that 
Kd exceeds this value, then both pairs of wheels will slide to the 
right and Y; = 0. At the instant when Kd decreases to the value 
4uQ, the leading flange hits the left rail and period I can start. 
Thus, the wheel base cannot turn until a definite point in the 

cycle of the body’s oscillation is reached. Therefore, the rolling 
of the body on its springs acts as an escapement, controlling the 
frequency of the oscillation of the wheel base, and in the expres- 
sion a = A coswt, w is 2r times the natural frequency of body 
roll. 

The mass of the body will tend, on the average, to rotate about 
its center of gravity. During I and IV the friction forces will 
tend to throw the center of rotation toward the rear, and during 
IIJ and VI toward the front, but during the whole cycle the net 
effect will be that of the center of rotation in the middle of the 
wheel base. If y is called the lateral displacement of the center 
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of the wheel base, then the assumption can be made that y = Va. 
This assumption is based on the idea that the lateral translation, 
y, is produced by forward motion, V at a small angle a. Va is 
probably not the correct value for y, but it represents an upper 
limit and gives the lowest possible value for critical speed. 


: t 
If y = Vay = a VA cos wt = (VA/w) sin wt 
0 


Since y is the purely translatory motion of the point under the 
center of gravity of the body, it is y which excites the rolling 
oscillation of the body. Whena damped system is 
x forced to oscillate at its natural frequency, the 
vibration lags the disturbing force by 90 deg. 
Therefore, d = — dmax Cos wt, and the relative 

y positions shown in Fig. 4 are correct. 
The question of whether or not the oscillation 
y can sustain itself is dependent upon the relation 
between energy input and energy loss. Fig. 5 
shows the vector relationships between the vari- 
ous motions and forces which have been consid- 
Kd ered. The sum of all the rail forces, Y,, Y2, Gi, 
Fie. 5 and G; is equal and opposite to Kd. Therefore, 
the rail forces ate in phase with y, the velocity 
of lateral translation, and they constitute the input force. 
The energy input per cycle of a periodic force in phase with a 
velocity is equal to + times maximum force times amplitude. ® 

Therefore 


input per cycle = +tKdmaxVA/w......... {5} 


If, during any part of the oscillation, Kd > 4uQ then during 
such time the motion y is not taking place and there is an interim 
during which there is no input. Therefore, 4uQ can be substi- 
tuted for Kdmax in calculating the true input, provided Kdmax > 
4uQ, and 


input per cycle = 4ruQVA/w.......... [5a J 


The losses at the rail which drain energy from the oscillation 
consist of frictional losses due to sliding at the wheel treads. 
This sliding is due to (1) the angular oscillation about the center 
of the wheel base and (2) the lateral slippage of the whole wheel 
base when Kd > 4uQ. Considering (1) first, the force at each 
wheel is uQ and the distance through which it acts is BA/2 
during each quarter cycle. Therefore 


loss per cycle = 4(BA/2) 4uQ = 8BAuQ 


The loss due to lateral slippage may be calculated by the eurves 
of Appendix 1. In using these curves it must be remembered 
that the amount of slipping may be limited by the flange clear- 
ances. 

Let us now study what happens for various amplitudes of roll, 
that is, various values of Kdmax. 

If Kdmax = 4uQ 


input per cycle = 4ruQVA/w............ {6} 
JOSS’ pera cyclet=MSBATO Na Meee) Late {(7] 
For stability, 8BAuQ > 4ruQVA/w, or 


If Kdmax < 4uQ, the loss is the same as for Kdmax = 4uQ, but 
the input is smaller. Therefore, the critical speed is higher. 

If Kdmax > 4uQ, the input is the same as for Kdmax = 4uQ, 

8 “Mechanical Vibrations,” by J. P. Den Hartog, McGraw Hill 
Book Co., New York, 1934, p. 19. 
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but the loss is increased by the lateral slipping of the whole wheel 
base. ‘Therefore, the critical speed is again higher. 

This whole phenomenon may be illustrated by a curve such 
as that shown in Fig. 6, which was calculated for an actual loco- 
motive. The curve ABC represents the critical speed for various 
initial amplitudes of roll. If the initial conditions for this loco- 
motive are represented by either L; or Lz, the oscillation will die 
out. If they are represented by either L; or Ls, the conditions 
will change until the steady condition L; is reached, at which the 
input is equal to the loss. 
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The most important critical speed is, of course, the lowest one, 
given in Equation [8]. Note that exactly the same conclusions 
regarding the effect of wheel base and natural frequency on criti- 
cal speed can be drawn from Equation [8] as have already been 
drawn from Equations [3a] and [3b], which give the critical speed 
for the rigid vehicle with flanges on only the leading pair of wheels. 

These same methods as were used can be applied to the case of 
a vehicle with more than two axles in a rigid wheel base. It is 
not necessary to follow the whole line of reasoning here. In 
Equation [9], the additional friction loss due to longitudinal 
sliding of the wheels is considered. The center of rotation should 
be taken at the center of the wheel base. Any other assumption 
would increase the friction loss and result in a higher critical 
speed. 

If f = the natural frequency of the roll of the body, n = the 
number of axles in the rigid wheel base, 7; = the longitudinal dis- 
tance from the center of rotation to an axle, s = the track gage, 
and the subscript 7 refers to the i-th axle in the wheel base, then 


t=1 


Vee [S/n] > Via? fs (g75}2 aan tee (9] 


t=n 


Values of ./[x?; + (s/2)?] for various values of x; are given in 
Table 1, Appendix 2. 

In applying Equation [9] to a nonsymmetrical wheel base, the 
question of where to take the center of rotation arises. The 
safest assumption to make would be the one which gave the low- 
est value to 24/[x; + (s/2)?]. As far as the oscillations discussed 
in this paper are concerned, there seems to be no inherent ad- 
vantage or disadvantage in the use of a nonsymmetrical as com- 
pared to a symmetrical axle arrangement. 

Ti he, symbol f is defined as the natural frequency of the roll 
of the body. This is approximately the correct frequency to use 
for most simple vehicles of the rigid-frame type and can be calcu- 
lated according to the equation 


f = [1/2r)V[(K,b? — 2Wh)/27,].......... [10] 
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where K, = the spring scale for one side of the vehicle, neglect- 
ing cross-equalized springs, W = the sprung weight of the ve- 
hicle, J, = the polar moment of inertia of the sprung weight 
about a longitudinal axis through the axle centers, h = the height 
of center of gravity of sprung mass above axle centers, and b = 
the lateral distance between springs. 

Measurements have shown that the actual frequency at 
which the oscillation occurs is affected to a certain extent by the 
natural frequency of the locomotive in the track. The theoreti- 
cal evaluation of this factor would require 1 much more detailed 
analysis than has been developed here; one which would take 
account of all possible degrees of freedom. It is highly advis- 
able to use experimental data wherever possible in choosing a 
value of f for use in Equation [9]. 

Equation [9] was developed primarily for use on vehicles of 
the type of the rigid-frame locomotive. There is no reason why 
the same theory would not apply, however, to any individual 
rigid wheel base in a more complicated system, such as an articu- 
lated locomotive or a vehicle with swivel trucks. The only dif- 
ference would be in the determination of the natural frequency 
which controls the oscillation. The authors’ casual observations 
on street-railway cars with swivel trucks have led to the conclu- 
sion that the oscillations of the body are almost entirely angular 
about a vertical axis. Thus, the natural frequency would be 
determined not by the roll, but by the polar moment of inertia 
of the body about a vertical axis and the lateral restraint at the 
truck center pins. 

If harmonic motion is assumed at all points of the vehicle, the 
center of rotation at a fixed point on the center line of the wheel 
base, and a known maximum lateral am- XA 
plitude for a wheel, it is possible to solve 
the kinematics of the problem completely. 

This is done most easily by vector represen- B 
tation. 

Let 26 = the maximum possible full 
amplitude for a wheel (flange clearance 
plus rail deflection); A = the maximum 
value of a during a cycle; 6; = the phase 
angle of i-th axle referred to center of ro- 
tation; and the other symbols the same as 
given previously. 

Fig. 7 shows the vector diagram for a 
two-axle wheel base with the center of rota- 


IST AXLE 


XoA 2ND AXLE 


tion in the middle. The value of ymax has Er Gel 
already been determined. It is 
Urine ==) Vel Gls eve eee rece ae {11] 
The total amplitude of the 7-th axle is seen to be 
2VAifes' COSMO RIAA AAI Seen {12] 
Also, if the leading axle has the full amplitude 25, 
0 =" VA/@, COS yi. ot ae ee ee ee {13] 
and hence 
AX 00: COS'Ot/VaReae coc oe oe ene [14] 
However 
cos #) = ie = V(V2/(e% + V2)}.. [15] 


V[(V2A2/w2) + 22A?2] 
Substituting Equation [15] in Equation [14], we obtain 
A = bof V/ (iro + V2)... so tee [16] 


It is also of interest to know the expressions for energy input 
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and energy loss in terms of the known constants of the vehicle. 
These are found to be: 


Input per cycle = ThdmaxV5/ \/ (2%? + ie). oe [17] 
or, at the critical speed, when Kdmax = 2nuQ 
input per cycle = 2rnuQV5// (a2? + V2)... [18] 


and due to rotation the 


~=1 
8uQsw J 
loss per cycle = Vite? + V5 m y V[a,? + (8/2)?). . [19] 


3—DESIGN REQUIREMENTS FOR A HIGH-SPEED LOCO- 
MOTIVE 


The basie design requirement for a high-speed locomotive is 
that its critical speed be considerably above the highest speed at 
which the locomotive is expected to operate. The critical speed 
as given by Equation [9] is in error on the side of safety in that 
it assumes y = Va and does not consider the energy loss from the 
friction in the equalization springs and at other rubbing surfaces 
that tend to damp the oscillation. The experience of the authors 
has been that the factor of safety introduced by these simplifying 
assumptions is sufficient for good practice, so that a locomotive 
can operate safely up to its calculated critical speed. The design 
features that influence steady performance at high speed are in- 
dicated in Equation [9], which is the equation for critica] speed. 
For a given track gage s anda given number of axles n in the rigid 
wheel base, it is observed from Equation [9] that the inherent 
critical speed is a function of (1) the frequency of roll, and (2) the 
length of the rigid wheel base. A high frequency of roll and a 
long rigid wheel base produce a high critical speed. The critical 
speed of a locomotive may be raised or lowered to the extent 
that the designer can vary (1) the frequency of roll, and (2) the 
length of the rigid wheel base, these two factors being the ones 
which dominate the critical speed. 


EQua.izaTIOn System 


The equalization system is an important design feature as re- 
gards critical speed because of its influence on the frequency of 
roll. The equalization system influences the frequency of roll 
by (1) the scale of the spring, (2) the lateral distance between 
spring supports, and (3) the ratio between cross-equalization and 
side-equalization. The relative influence of these three factors 
on frequency is indicated by Equation [10] for natural frequency 
of roll. Other things remaining constant, the critical speed is 
raised by (1) increasing the stiffness of the springs, (2) by increas- 
ing the lateral distance between spring supports, and (3) by in- 
creasing the amount of side-equalization. 

Stiff springs are desirable from a consideration of critical speed 
but are undesirable from a consideration of resulting forces on 
vehicle and track. Springs are employed in the equalization 
system in order to shield both the sprung weight and the track 


_ from forces in excess of those existing under static conditions. 


From the consideration of reducing forces on sprung weight and 
track, the softer the Supporting springs the more effective they 
become. To stiffen the springs defeats the purpose for which 
they are used. The fact is that the designer can vary the stiff- 
ness of the equalization springs only within rather well-defined 
limits. To stiffen them defeats their purpose, to soften them be- 
yond a certain limit introduces complications on account of the 
large vertical movement in the pedestal guides. It would seem, 


_ then, that the logical procedure to follow is to employ springs as 


soft as can be used from practical considerations without too 
great a sacrifice of frequency. From Equation [10], it is observed 
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that the frequency of roll varies directly as the square root of 
spring stiffness. Because of this relationship between frequency 
and spring stiffness, it is possible to soften the springs of a loco- 
motive considerably without producing more than a minor change 
in frequency. 

The type of spring employed in the equalization system, that 
is, whether leaf-type or coil-type, is as important as the spring 
scale. Considerable frictional damping is introduced by leaf 
springs which is absent when coil springs are used. A satis« 
factory arrangement results from a combination of low-frequency: 
leaf springs in series with high-frequency coil springs. In this 
arrangement the low-frequency leaf Springs practically determine 
the period of roll and provide frictional damping while the high: 
frequency coil springs are placed directly over the journal boxes 
and absorb the high-frequency shocks from the road bed. 

The lateral distance between supporting springs is fixed by the 
location of journal boxes. For a, given angularity of roll, the 
greater the lateral distance between springs, the greater will be 
the variation in vertical load under the drivers, but as regards 
critical speed, the greater the lateral distance between springs, 
the higher will be the frequency of roll and the higher the critical 
speed. Other things remaining constant, outside journal boxes 
will produce a higher critical speed than will inside boxes. For 
steam locomotives, however, outside boxes are possible only 
with inside cranks, and in this country inside cranks are unknown 
except for three-cylinder locomotives. In Europe, inside cranks 
for steam locomotives are common. For electric locomotives, 
both in this country and elsewhere, outside boxes predominate. ' 

With respect to the ratio between the amounts of cross-equali- 
zation and Side-equalization, it is probable that the need for 
cross-equalization has been somewhat Overemphasized in the 
past. The object of cross-equalization is to prevent a wide dif- 
ference in the vertical loads under the two wheels of a given axle. 
But field tests have shown that cross-equalization of itself is un- 
able to achieve this objective. Field tests indicate that for a 
locomotive with the customary amount of cross-equalization the 
vertical loads under the two wheels on the same axle vary the 
greatest under the condition of nosing. The prevention of nos- 
ing, then, should accomplish more toward equalizing vertical 
loads than does cross-equalization, and nosing is prevented not by 
cross-equalization but by side-equalization which, by influencing 
the frequency of roll, raises the critical speed. 

From the standpoint, then, of critical speed and rail loads, the 
equalization system (1) should employ relatively soft leaf springs 
in series with stiff coil springs directly over the boxes, (2) the 
lateral distance between springs should be made large by plac- 
ing the journal boxes outside the drivers if possible, and (3) the 
amount of side-equalization should be a maximum, and, if cross- 
equalization is insisted upon, restrict its amount to 25 per cent 
or less of the sprung weight. 


Weraut or Spring-Borne Parts 


To determine the influence on critical speed, the absolute 
weight of the spring-borne parts must be considered in conjunc- 
tion with the height of the center of gravity above the axle and 
the stiffness of the equalization Springs. The weight of the 
spring-borne parts influences critical speed by influencing the 
frequency of roll. However, for a given center of gravity, the 
weight of the spring-borne parts may be varied at will without 
changing the critical speed provided the stiffness of the equaliza- 
tion springs is also varied. The spring-borne parts may thus 
be said to exert a neutral influence so far as critical speed is con- 
cerned. Furthermore, the weight of spring-borne parts is one 
of the design features that can be varied only within rather nar- 
row limits when once the general characteristics of the locomotive 
have been determined. Hence, it becomes apparent that a varia- 
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tion of the sprung weight may as well be left out of consideration 
in the search for means of raising the critical speed. 


Location or Center or Gravity oF Sprinc-BornE Parts 


The location of the center of gravity of the sprung mass is a 
most important factor in determining the critical speed, but like 
the absolute weight of the sprung mass, it is a design feature 
which can be varied only within exceedingly small limits for a 
locomotive with prescribed characteristics. Any consideration 
of the location of the center of gravity of the sprung mass is thus 
nonessential in the search for means for raising the critical speed. 
The higher the center of gravity of the spring-borne parts, the 
lower becomes the frequency of roll and the lower the critical 
speed. But, what can be done about it? 
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CALCULATED From Equation [9], f = 1.0 


The center of gravity of the sprung parts of an electric loco- 
motive is usually somewhat lower than that for a steam locomo- 
tive. This lower center of gravity for the electric locomotive is 
frequently considered a disadvantage, but an analysis of the 
influence of the center of gravity on locomotive performance does 
not justify this belief. To determine the tendency from raising 
or lowering the center of gravity, let us assume extreme condi- 
tions. Assume first that the center of gravity is very high above 
the rail. For this condition the frequency of roll would be very 
low with a corresponding low critical speed, also a very small 
amount of roll would throw all of the weight on one rail and bring 
the center of gravity outside the gage, thus causing the locomotive 
to tip over. Now, assume that the center of gravity is on line 
with the center line of the axle. For this condition a lateral force 
would produce an unbalance of vertical loads at the rail, but this 
motion of the sprung mass would be purely rotational with no 
roll at all at the center of gravity. Hence, there would be no 
lateral translation of the center of gravity and, therefore, for 
this condition, lateral oscillations would be impossible because 
lateral translation of the sprung mass is absolutely necessary 
if the lateral oscillations are to be sustained. Finally, assume 
that the center of gravity is on line with the rail. For this con- 
dition, there is lateral rolling and lateral oscillations are possible 
but lateral forces now produce no change in the vertical wheel 
loads at the rail. Thus, the center of gravity of the sprung mass, 
from a consideration of lateral oscillations, should be located on 
thé center line of the axle, but from a consideration of the unbal- 
ance of vertical loads at the rail, the center of gravity should be 
on line with the rail; that is, it should be in the plane in which the 
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lateral force reacts on the locomotive. The conclusion is reached 
then that lateral oscillations would be impossible and there would 
be no unbalance in rail loads from lateral forces if the center of 
gravity of the sprung mass and the reaction on the locomotive 
from lateral forces both occurred at the center line of the axle. 

For the conventional locomotive, the location of the center of 
gravity of the sprung mass is practically beyond the control of 
the designer. However, if possible to do so, move the center of 
gravity downward, not upward. Lowering the center of grav- 
ity raises the critical speed and decreases the amount of vertical- 
load unbalance at the rail. The lower center of gravity of the 
electric locomotive, as compared to the steam locomotive, is a 
distinct advantage. 


WHEEL BasE 


The length of the rigid wheel base is the most important design 
feature influencing critical speed. It has been stated by various 
writers in the past that a high-speed locomotive should have a 
long rigid wheel base, but the reason for this requirement has 
hitherto been unknown. This reason is revealed by an inspection 
of Equations [18] and [19] which are the equations for energy 
input and frictional losses during oscillations. These equations 
show that lengthening the rigid wheel base decreases the avail- 
able energy input for sustaining oscillations and at the same time 
increases the frictional losses for damping them out. Hence, a 
long rigid wheel base becomes the principal requisite for every 
high-speed locomotive. The effect of increasing the length of 
the rigid wheel base is illustrated in Fig. 8. 


Guipine TRUCKS 


With the exception of the permanently rigid wheel base, the 
guiding trucks become the most important design feature deter- 
mining critical speed. The guiding trucks determine critical 
speed because of their influence on the length of the rigid wheel 
base. The importance of guiding-truck design is best illustrated 
by considering two extreme values for the force necessary to pro- 
duced initial lateral displacement of the truck, commonly known 
as truck crack-off. 

Assume, first, that the crack-off is 10 per cent of the bolster 
load. For a truck with the usual amount of weight below the 
center pin, this would represent a lateral force at the rail of about 
8.75 per cent of the vertical rail load. For truck wheels, with 
no tractive effort, the coefficient of friction against lateral slippage 
at the rail is considerably greater than 8.75 per cent for all normal 
operating conditions. This means it is possible to swing the 
truck bolster laterally without sliding the truck wheels. If the 
locomotive starts to oscillate laterally, the truck bolster will swing 
laterally within the truck frame without offering any damping 
force against the oscillations unless the guiding characteristic 
is so steep that the rail coefficient of friction against lateral slip- 
page is exceeded during part of the oscillation cycle. The reason 
the lateral swing of the bolster offers no damping resistance is 
because the energy loss of the sprung weight in overcoming the 
truck resistance from central position to the extreme swing is 
immediately restored on the return swing so that the net effect 
is zero. 

Assume now that the truck crack-off is 40 per cent of the bolster 
load. This represents a lateral force at the rail of about 351/2 
per cent of the vertical rail load. A lateral force of this magni- 
tude at the rail should be capable of sliding the truck wheels 
laterally across the head of the rail against the highest coefficient 
of friction that might be expected with the locomotive at speed. 
Experiments indicate that the coefficient of friction against the 
lateral sliding of a wheel in motion decreases with speed. Hence, a 
lateral force at the rail equal to 351/2 per cent of the vertical rail 
load should cause the wheels to slide laterally even at quite a 
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low speed. If the locomotive oscillates laterally, the truck wheels 
are slipped laterally across the rail head thus introducing an enor- 
mous damping force. So far as lateral oscillations are concerned, 
it is thus seen that a guiding truck with a crack-off high enough to 
slide the truck wheels laterally across the rail has the effect of 
lengthening the rigid wheel base to the truck center pin. 

It is customary to design electric locomotives for two-way 
operation. Practically, though not necessarily, the specification 
for two-way operation demands a symmetrical-type locomotive. 
It is usual, then, for electric locomotives to have identical guiding 
trucks at both ends. From the standpoint of providing a turn- 
ing moment on curves, this arrangement is more effective than 
might appear at first sight. The location of the center of rota- 
tion of a locomotive rigid wheel base is always such as to make 
the lever arm of the leading truck, with respect to the driver 
against the inner rail, longer than the corresponding lever arm of 
the trailing truck. This difference in lever arms produces a net 
guiding moment even for the condition in which both guiding 
trucks have the same amount of guiding, which is the case for 
trucks of the constant-resistance type. Therefore, it is evident 
that for electric locomotives it is possible to extend the rigid 
wheel base from truck center pin to truck center pin by employ- 
ing trucks at both ends with a crack-off, with respect to the rail, 
greater than the lateral coefficient of friction without sacrificing 
adequate guiding for curves. If this initial crack-off resistance 
is too high for operation on sharp curves it is possible to give the 
truck restraint a drooping characteristic. 

It is thus seen that a high-restraint truck possesses very great 
value as a means of extending the rigid wheel base, but this 
advantage of high restraint has been shown by experience to be 
virtually lost if the truck is free to swivel about its center pin, 
as is usually the case with four-wheel engine trucks. When free 
to swivel, the truck itself goes through an oscillation similar 
to that of the main wheel base and consequently runs back 
and forth through the track clearance without much sliding 
friction. This freedom of a four-wheel truck to run back and 
forth without sliding can be prevented by the application of an 
antiswiveling device such as a radius bar. To limit the flange 
pressures on extremely sharp curves and turnouts, the restraint 
of the radius bar on a four-wheel truck should be limited so that 
it becomes possible for the truck to swivel when its swiveling 
torque reaches some selected value. 

In Equation [9] it is assumed that all axles have the same load- 
_ ing. If this is not the case, then the term /[x,? + (s/2)?] for 
each axle must be given a weighting factor equal to the ratio be- 
tween its actual load and the average load for all the axles being 
considered, and the symbol n instead of representing the actual 
number of axles represents the sum of the weighting factors. 
Letting k represent the weighting factor, Equation [9] may be 
written 


ky V/ [a2 + (8/2)2] + kav [a2 + (s/2)2] + . =| 


vas are See 


Since the expression 1/[z;? + (s/2)?] increases in value with the 
increase in distance from the center of rotation, it follows that the 
heavier the axles at the ends of the locomotive, the higher becomes 
the critical speed. Since the end axles on a locomotive are usually 
truck axles, this means that the trucks should carry as much of 
the total load as is possible, considering wheel-load limitations and 
the weight requirements of the drivers for adhesion. The in- 
fluence of changing the ratio between driver load and truck load 
is illustrated by curves A and B of Fig. 9. Another method for 
increasing the equivalent rigid wheel base of a locomotive is to 
give unrestrained lateral play to the intermediate axles of a rigid 
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wheel base. Unrestrained lateral play eliminates both the input 
and the loss from these axles. Since the input from an axle is 
fixed regardless of its position in the wheel base, and its loss is 
proportional to its distance from the center of rotation, this ar- 
rangement produces a considerable increase in the critical speed. 
The magnitude of the increase in critical speed, for a particular 
locomotive, by the use of unrestrained lateral is illustrated by a 
comparison between curves A and B of Fig. 9. In this figure, 
curve B represents the critical speed for a locomotive having the 
wheel arrangement as shown and for the condition of no free 
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lateral, while curve A represents the critical speed for the condi- 
tion of unrestrained lateral in driving axles No. 2 and No. 3. 


Ratt Loap 


The absolute value of the rail load is not a factor in determining 
critical speed. The axle loading influences critical speed only 
to the extent that the weight of the sprung mass influences the 
frequency of roll. 


Gyroscoric AcTION 


The revolving wheels and axles of a locomotive give rise to 
gyroscopic forces whenever their axes are subjected to angular 
rotation. On an electric locomotive, the motor armatures con- 
stitute additional rotating masses to those of the wheels and axles. 

A rotating mass which is part of the deadweight does not have 
any gyroscopic effect whatever on the oscillations described in 
this report. The rotation of the wheel base a may cause a 
shifting of load from one side to the other, but there can be no 
rolling oscillation of the deadweight, so the shifting of load does 
not result in an oscillation. 

Spring-borne motors in an electric locomotive, however, can af- 
fect the oscillation because the rotation a of the wheel base causes 
the motors to exert gyroscopic forces which aid the rolling of the 
cab. Calculations show the magnitude of this effect to be small. 


9 Suggested to the authors by B. S. Cain. 


488 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


Fic. 10 Moprnt ror ILuusTrRaTING LATERAL OSCILLATIONS 


Ram AND TIRE ContTOUR 


There has been discussion in the past concerning the effect 
of conical wheel treads on locomotive and car performance.. In 
this paper, the coning of the wheel tread is not considered and the 
wheel is treated as having a tread that is a true cylinder. No 
matter what the contour may be on leaving the shop, under ser- 
vice conditions, the tread surface quickly conforms to the con- 
tour of the rail head. 


Track CLEARANCE 


It is very important to keep the track clearance as small as 
possible. Although this quantity does not appear directly in the 
formula for critical speed, it does appear in the expressions for 
energy input and energy loss, both of which are directly propor- 
tional to track clearance 6. Therefore, at speeds above the criti- 
cal, the larger the clearance the larger the amount of energy 
available to sustain and increase the oscillation. Thus, when the 
clearance is large there is less possibility of the spring friction 
being sufficient to control the oscillation. 

Probably the most serious result of large track clearance is 
not shown by the equations, that is, its effect on the magnitude 
of the rail forces. The amplitude of the leading axle is equal to 
the track clearance. In any oscillation, velocity and accelera- 
tion increase proportionately to amplitude, and therefore the 
flange pressure increases in proportion to the track clearance, 
since it is the flange pressure that produces the lateral accelera- 
tion. 

Therefore the smaller the track clearance the less the possi- 
bility of sustained oscillations and the less the damage they can 
do to the track if they do start. For the condition of zero track 
clearance, oscillations of the type discussed in this paper become 
impossible. 

CorFFIcIENT oF FRICTION 


The effect of a low coefficient of friction is twofold. First, it 
lowers both the input and the loss energies and thus decreases 
the energy available to sustain oscillations. -At the same time, 
however, it decreases the disturbance necessary to start sustained 
oscillation and thus makes the vehicle less stable. A low coef- 
ficient of friction against lateral slippage may be produced by 
wet rails or high tractive effort.!° A very high coefficient of fric- 
tion may be found in rubber-tired rail vehicles, which have re- 
cently been tried out. 

10 “Guiding and Running of Locomotive Wheels on Track,” by 


J. Buchli, Schweizerische Bauzeitung, vol. 82, no. 10. September, 
1923, pp. 119-125. 


4—MODEL TESTS 


In order to bring experimental evidence to bear upon the con- 
clusions drawn from the theory without going at once to the ex- 
pense of making tests on actual locomotives, a small model was 
constructed. 

The critical speed of a model rail vehicle, according to Equa- 
tion [9], is proportional to the natural frequency of roll of the 
sprung weight and the linear dimensions of the model. There- 
fore, if the natural frequency were made the same as that of a 
full-scale locomotive, the critical speed would be reduced in the 
same ratio as the scale of the model, and oscillations would occur 
at easily obtainable speeds. 

An illustration of the model used is shown in Fig. 10. The 
first trials showed that it was not practical to run the model on 
atrack. The track could not easily be made smooth enough nor 
the straight stretches long enough. Also, the forward motion 
of the model along the track made it difficult to study the lateral 
oscillations in detail. It was found that a. much better arrange- 
ment was obtained by mounting the model on rollers. The model 
was restrained from longitudinal motion by a wire similar to a 
drawbar. 

The model contained all the parts which, according to the 
theory, were necessary for the existence of lateral oscillations. 
It had two axles, both driven through gears by a single motor, 
and both mounted in the same rigid frame. It had a sprung 
weight supported from the frame by four helical springs, one at 
each corner. The center of roll of the sprung weight was made 
to coincide with the height of the axles by means of a pin and 
clevis arrangement at each end. The model had a wheel gage 
of 11/4 in., a wheel base of 25/;. in., a total length of 9 in., an un- 
sprung weight of 2.6 lb, a sprung weight of 9.5 lb, a natural period 
of roll of 0.6 sec, and a critical speed of 1.9 fps. 

The wheels had flanges and cylindrical treads. The rollers con- 
sisted of two cylinders, one under each axle. Each cylinder had 
two beads spaced 11/, in. center to center for the wheel treads to 
run on and the flanges to bear against. These beads represented 
the rails. In order to equalize the weight on the four wheels, 
one roller was mounted on trunions. 

The speed of rotation of the wheels, which represented the for- 
ward velocity of the model, could be varied by changing the volt- 
age supplied to the motor. By the use of a rheostat any speed 
up to about 7 fps could be obtained. 


OBSERVED OSCILLATIONS 


At speeds above 3 fps a rolling oscillation started by hand be- 
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came self-sustaining and was accompanied by lateral oscillations 
of the running gear at the same frequency. At speeds below 3 
fps the oscillation would die out. It died out quickly at very 
low speeds but more and more gradually as the speed was in- 
creased. Therefore, 3 fps was the actual critical speed. This 
was higher than the ealculated value of 1.9 fps, but this dis- 
crepancy was to be expected due to the various frictional losses 
in the mechanism not considered in the theory. 

It was observed that the oscillation of the model was of the 
same nature as that predicted by the theory, but no exact com- 
parison could be made by mere visual observation. In order to 
study the motion quantitatively and in detail, a motion-picture 
camera was used. 

There were four points where the motion had to be measured. 
They were at the front and the 
back of the sprung and the un- 
sprung weights. The camera was 
placed so as to look directly down 
on the model. The four points in 
which the authors were interested 
were brought into the same focal 
plane by bringing up extensions 
from each end of the unsprung 
frame to the level of the top of the 
sprung weight. Spots of white 
paint located the four points to be 
observed. Pictures were taken at 
the rate of about 80 per second, 
which gave a sufficient number of 
readings during the 0.6 second 
period of the oscillation to enable 
the authors to plot the curves of the 
motion. The time scale was de- 
termined by placing a stop watch 
in the picture alongside the model. 
Fig. 11 shows a portion of a strip of 
pictures from which readings were 
taken. 

The motions observed were (a) 
lateral motion of the front of the 
unsprung weight, (6) lateral motion 
of the rear of the unsprung weight, 
(c) lateral motion of the front of the 
sprung weight at the top of the 
model, and (d) lateral motion of the 
rear of the sprung weight at the 
top of the model. By means of 
these directly measured values, it 
was possible to derive (e) lateral 
motion of the top of the model due 
to roll by subtracting (a) from (c) 
or (6) from (d); (f) angularity of 
the wheel base a@ by subtracting (6) 
from (a) and dividing the result by 
the length of the model; (g) lateral 
motion of the center of rotation, 
which was approximately 1/2[(a) 
+ (0)]. 

The primary motions are (a), (6), 
(e), (f), and (g). These five motions 
are plotted for one representative 
cycle in Fig. 12. It is interesting to 
note how well the experimental re- 
sults check with the theory. The 
theoretical values of motions (a), 
(6), (f), and (g) are shown in Fig. 12 


Fig. 11 Srcrion or Mo- 
TION-PicTURE FILM oF 
Monet DurINnG OscILLATION 
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along with the experimental results. Motion (e), the roll, was 
not correctly represented by the model as far as its amplitude 
was concerned because the theoretical value greatly exceeded 
the solid position of the springs. The other motions, however, 
show a remarkably good check between theory and experiment. 
Note that the lateral slippage of the wheel base occurring at 


EXPERIMENTAL 
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Fig. 12 Lareray Oscinuations or Locomottve Mopr, 


the instant of maximum roll shows up quite plainly in the ex- 
perimental curves. This slippage was not considered i in calculat- 
ing the theoretical curves. 

Other tests on the model showed that the critical speed was 
proportional to the frequency of the oscillation, as predicted by 
the theory. 


5—CONCLUSIONS 


In this paper the authors have offered a mathematical theory 
which explains the self-sustained lateral oscillations of rail ve- 
hicles. The formulas derived from this mathematical analysis 
check with all available experimental data. 

The conclusions to which the theory leads may be summarized 
as follows: 

1 For satisfactory operation at high speed, a pail vehicle 
should have a critical speed, as calculated from Equation [9], 
no lower than its highest operating speed. 

2 Recommended tendencies in design are: (a) as high a 
natural frequency of roll as is possible without sacrificing ade- 
quate vertical resiliency; (6) a long rigid wheel base; (c) 
high-resistance guiding trucks with limited swivel restraint. 
This applies to four-wheel trucks; two-wheel trucks are in- 
herently nonswiveling; (d) loads concentrated as much as 
feasible on the end axles; (e) unrestrained lateral motion in 
axles near the center of the wheel base. 

3 Recommended tendencies in track maintenance include: 
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(a) the elimination of irregularities. (b) The narrowing of the 
gage to decrease the clearance between flange and rail. 
There are three factors to be considered in determining whether 


Dcos ut +) 
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or not the performance of a vehicle will be satisfactory in a given 
service. These factors are (1) the inherent critical speed of the 
vehicle, (2) the maximum speed at which it will operate, and (8) 
the condition of the track. For the most satisfactory operation, 
the calculated critical speed should be well above the operating 
range, say 30 per cent above the maximum speed. ‘The vehicle 
should then operate safely on ordinary track. For track that is 
better than ordinary, the ratio between critical and operating 
speed may be reduced. On perfect track, any vehicle can oper- 
ate at any speed. However, it is not safe to rely entirely on a 
good track condition to maintain satisfactory operation, since 
the best of track may develop an occasional rough spot. 

The design of railway vehicles becomes of increasing impor- 
tance with every increase in the speed of railway trains because 
the higher the train speed the greater becomes the effect on ve- 
However, in so far 
as self-sustained oscillations are concerned, it is believed that 
with proper vehicle design and with good track maintenance, it 
will be possible, with safety, to appreciably increase train speed 
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LarerRAL SLIDING oF WHEELS Dur To ROLLING or Bopy 


The amount of lateral sliding of the wheel base which can be 
produced by the rolling of the cab may be calculated if the prob- 
lem is simplified to that shown in Fig. 13. Here a mass m repre- 
senting the total mass of the vehicle, is resting on a surface which 
resists any horizontal motion of the mass with a force P. A re- 
ciprocating force D cos (wt + ¢), representing the inertia force 
What is the motion of the 
Obviously, if D/P < 1 there is no motion at all. If D/P is 
slightly greater than unity there will be an intermittent motion 
If D/P becomes quite 
large, the mass can be conceived as having a continuous recipro- 
cating motion with no pauses. 

First consider the case where 


the motion is continuous, Fig. 14. 


If x is the displacement of the 
mass m from its mean position, 


the equilibrium conditions for 
the mass during its motion in 


one direction can be expressed 
as 


m(d?x/dt?) — P = D cos (wt+ ¢) 


or, dx/dt? = P/m 


+ (D/m)cos (wt + ¢).. [a] 
Integrating 


dzx/dt = Ft/m + (D/mw) 
sin (wt + 4) +C’...... [b] 


Integrating again 


2 = Ft2/2m — (D/mo) 


cos (wt + ¢) + Ct + C’.. [ce] 


The following conditions are 
known: Whent = 0 
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Fie. 16 Lareran Supine or A Mass (VeHICLE) ON A Dry Surrace (Ratt) UNDER THE ACTION 


% = 2%, and dz/di = 0..{d] 


and when t = r/w 


or A Harmonic Force (Rou or Sprune Mass) 


(r = maximum exciting force/friction force.) 


—2, and dz/dt = 0.. [e] 


RAILROADS 


By using Equation [b] and condition [d], C’ may be solved for, 
whence 


Gua o D1) ESI... see eo if] 
By using Equation [c] and condition [d], C” may be solved for, 
whence 
Cie — rom as) COS: paeriaee « « .e (9) 
By using Equations [b] and [f] and condition fe] we can 
obtain 
sind = 


By using Equations [c], [f], [g], and [4] and condition [e] we 
may solve for x and obtain the final solution 


Pt (. X *) pee 
2m w 2m” 


Now consider the case where the motion is intermittent, Fig. 
15. During motion of the mass in one direction Equations [a], 
[b], and [c] still hold. However, the end conditions now, when 
t = 0, are 


4D? . 
co — —7’ cos wt + 3 sin ot 


Pp 


=) aear/at — Oand d2z/di? = O.2........ 
and when ¢ = to 


ta—e—Toe ANd tac) Gli = 0)... eters ox0 [k] 


We find that our values of C’ and C” are the same as before 
and are given by Equations [f] and [g]. By using Equation [a] 
and condition [7] we find that 


cos ¢ = 


Now substitute condition [k] into Equation [b], using the 
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known values of the constants for which we have already solved. 
We obtain 


wtp — sin wl + /(D2/P*) — 1 (cos wl — 1) = 0....[m] 


Using the same procedure with Equation [c] instead of [6] we 
obtain 


t — 2 
2 = BY oN PAP? Plo’ 
2ma 4m 


2 
x (co wty + D1 sinw—1) Be GS LOR {n] 


The procedure should now be to solve [m] for t, substitute the 
value obtained into Equation [nm], and assume that all of our 
unknown constants had been evaluated. Unfortunately, how- 
ever, Equation [m] cannot be solved explicitly for to, so the best 
analytical solution we can give is that 


Pt P 
—— ae 
1) 


t aA 1)+ t 1 
Im wo YP? ma ee 


D? 
ae p SIM Col Hl ep sreia oes ese 
where 2 is given by Equations [n] and [m]. 

For any practical problem, however, the solution can be com- 
pleted graphically. This has been done for several values of the 
ratio D/P, and the results are shown in Fig. 16. This chart may 
be used to find the lateral sliding of the wheel base for any D/P 
ratio, and no use need be made of the equation given in this Ap- 
pendix. 

It is of interest to know the value of D/P at which the motion 
changes from intermittent to continuous. This may be found 
by putting wf) = + in Equation [m]. Solving for D/P we find 

D/P = (1/2) VG? + 4) = 1.87...... [h] 


Appendix 2 


Values of \/[x?; + (s/2)?] for use in applying Equation [9] 


V 2% + (8/2)? 


ir 


V 2% + (3/2)? 


Vx%+ (8/2)? V 2% + (8/2)? 


wt — vi xy 
0 29.5 29.5 40 49.7 9.7 
1 29.5 28.5 41 50.5 9.5 
2 29.6 27.6 42 51.3 9.3 
3 29.7 26.7 43 52.2 9.2 
4 29.8 25.8 44 53.0 9.0 
5 29.9 24.9 45 53.8 8.8 
6 30.1 24.1 46 54.7 8.7 
1 30.3 23.3 47 55.5 8.5 
8 30.6 22.6 48 56.3 8.3 
9 30.8 21.8 49 57.2 8.2 
10 31.2 21.2 50 58.1 8.1 
11 31.5 20.5 51 58.9 7.9 
12 31.9 19.9 52 59.8 7.8 
13 32.2 19.2 53 60.7 Wet 
14 32.7 18.7 54 61.5 7.5 
15 33.1 18.1 55 62.4 ines 
16 33.6 17.6 56 63.3 7.3 
17 34.1 Lig fee | 57 64.2 7.2 
18 34.6 16.6 58 65.1 7.1 
19 35.1 16.1 59 66.0 7.0 
20 35.6 15.6 60 66.9 6.9 
21 36:2; 8" 15.2 61 67.8 6.8 
22 36.8 14.8 62 68.7 6.7 
23 37.4 14.4 63 69.6 6.6 
24 38.0 14.0 64 70.5 6.5 
25 38.7 13.7 65 71.4 6.4 
26 39.3 13.3 66 72.3 6.3 
27 40.0 13.0 67 73.2 6.2 
28 40.7 12.7 68 74.1 6.1 
29 41.4 12.4 69 75.0 6.0 
30 42.0 12.0 70 76.0 6.0 
31 42.8 11.8 71 76.9 5.9 
32 43.5 11.5 72 77.8 5.8 
33 44.3 11.3 73 78.7 5.7 
34 45.0 11.0 74 79.7 5.7 
35 45.8 10.8 75 80.6 5.6 
36 46.5 10.5 76 81.5 5.5 
37 47.3 10.3 77 82.5 5.5 
38 48.1 10.1 78 83.4 5.4 
39 48.9 9.9 79 84.3 5.3 


80 85.3 5.3 120 123.5 3.5 
81 86.2 5.2 121 124.5 3.5 
82 87.1 5.1 122 125.5 3.5 
83 88.1 5.1 123 126.5 3.5 
84 89.0 5.0 124 127.5 3.5 
85 90.0 5.0 125 128.4 3.4 
86 90.9 4.9 126 129.4 3.4 
87 91.9 4.9 127 130.4 3.4 
88 92.8 4.8 128 131.4 3.4 
89 93.7 4.7 129 132.3 3.3 
90 94.7 4.7 130 133.3 3.3 
91 95.7 4.7 131 134.3 3.3 
92 96.6 4.6 132 135.3 3.3 
93 97.6 4.6 133 136.2 3.2 
94 98.5 4.5 134 137.2 3.2 
95 99.5 4.5 135 138.2 3.2 
96 100.4 4.4 136 139.1 3.1 
97 101.4 4.4 137 140.1 3.1 
98 102.3 4.3 138 141.1 3.1 
99 103.3 4.3 139 142.1 3.1 
100 104.3 4.3 140 143.1 3.1 
101 105.2 4.2 141 144.1 3.1 
102 106.1 aL 142 145.0 3.0 
103 107 2 4.1 143 146.0 3.0 
104 108.1 4.1 144 147.0 3.0 
105 109.0 4.0 145 148.0 3.0 
106 110.0 4.0 146 149.0 3.0 
107 111.0 4.0 147 149.9 2.9 
108 112.0 4.0 148 150.9 2.9 
109 112.9 3.9 149 151.9 2.9 
110 113.9 3.9 150 152.9 2.9 
111 114.9 3.9 151 153.9 2.9 
112 115.8 3.8 152 154.8 2.8 
113 116.8 3.8 153 155.8 2.8 
114 117.7 3.7 154 156.8 2.8 
115 118.6 3.6 155 157.8 2.8 
116 119.6 3.6 156 158.8 2.8 
117 120.5 3.5 157 159.7 2.7 
118 121.5 3.5 158 160.7 2.7 
119 122.5 3.5 159 161.7 2.7 


V 2% + (8/2)2 


ke 


V2 + (8/2)? 


wi V2 + (8/2)? — xi ai VV 0% + (8/2)? 
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fy 2% - (8/2)? 29 A 8 (8/2)? V5 (8/2)? 
zi V2 + (8/2)? ws dish , ri 2% + (8/2)? — xi Li V 2% + (8/2)? — 25 ti VV 2i + (8/2)? — 44 
160 162.7 2.7 212 214.0 2.0 264 265.6 1.7 316 317.4 1.4 
161 163.7 2.7 213 215.0 2.0 265 266.6 1.7 317 318.4 1.4 
162 164.7 2.7 214 216.0 2.0 266 267.6 1.7 318 319.4 1.4 
163 165.6 2.6 215 217.0 2.0 267 268.6 127 319 320.4 1.4 
164 166.6 2.6 216 218.0 2.0 268 269.6 6 320 321.4 1.4 
165 167.6 2.6 217 219.0 210 269 270.6 1.6 321 322.4 1.4 
166 168.6 2.6 218 220.0 2.0 270 271.6 1.6 322 3233 163 
167 169.6 2.6 219 221.0 2.0 271 272.6 1.6 323 324.3 1.3 
168 170.6 2.6 220 222.0 2:0 272 2736 1.6 324 325.3 1.3 
169 171.6 2.6 221 2230 2.0 273 274.6 1.6 325 326.3 163 
170 172.5 2.5 222 224.0 2.0 274 275.6 1.6 326 327.3 173 
171 173.5 2.5 223 224.9 1.9 275 276.6 1.6 327 328.3 13 
172 174.5 2.5 224 225.9 1.9 276 277.6 21.6 328 329.3 1.3 
173 175.5 2.5 225 226.9 1.9 277 278.6 1.6 329 330.3 1.3 
174 176.5 2.5 226 227.9 1.9 278 279.6 1.6 330 331.3 1.3 
175 177.5 2.5 227 228.9 1.9 279 280.6 1.6 331 332.3 183 
176 178.5 2.5 228 229.9 1.9 280 281.6 1.6 332 333.3 1.3 
177 179.4 2.4 229 230.9 1.9 281 282.5 1.5, 333 334.3 1.3 
178 180.4 2.4 230 231.9 1.9 282 283.5 1.5 334 335.3 1 hes 
179 181.4 2.4 231 232.9 1.9 283 284.5 1.5 335 336.3 1.3 
180 182.4 2.4 232 233.9 1.9 284 285.5 1.5 336 337.3 1,3 
181 183.4 2.4 233 234.9 1.9 285 286.5 1.5 337 338.3 Ls 
182 184.4 2.4 234 235.9 1.9 286 287.5 1.5 338 339.3 1.3 
183 185.4 2.4 235 236.8 1.8 287 288.5 1.5 339 340.3 1.3 
184 186.4 2.4 236 237.8 1.8 288 289.5 1.5 340 341.3 1.3 
185 187.3 2.3 237 238.8 1.8 289 290.5 1.5 341 342.3 1.3 
186 188.3 2.3 238 239.8 1.8 290 291.5 1.5 342 343.3 1.3 
187 189.3 2:3 239 240.8 1.8 291 292.5 1.5 343 344.3 1.3 
188 190.3 2.3 240 241.8 1.8 292 293.5 ifs 344 345.3 1.3 
189 191.38 2.3 241 242.8 1.8 293 294.5 1.5 345 346.3 1.3 
190 192.3 2.3 242 243.8 1.8 294 295.5 1.5 346 347.3 Tes: 
191 193.3 2.3 243 2448 1.8 295 296.5 1.5 347 348.3 13 
192 194.3 2.3 244 245 8 1.8 296 297.5 1.5 348 349.3 1.2 
193 195.2 2.2 245 246.8 1.8 297 298.5 1.5 349 350.2 1.2 
194 196.2 2.2 246 247.8 18 298 299.5 1.5 350 351.2 1.2 
195 197.2 2.2 247 248.8 1.8 299 300.5 1.5 360 361.2 1.2 
196 198.2 2.2 248 249.8 1.8 300 301.5 1.5 370 371.1 eet 
197 199.2 2.2 249 250.7 1.7 301 302.4 1.4 380 380.1 vial 
198 200.2 2.2 250 251.7 a 302 303.4 1.4 390 391.1 a 
199 201.2 2.2 251 252.7 aieid. 303 304.4 1.4 400 401.0 1.0 
200 202.2 2.2 252 253.7 ales 304 805.4 1.4 425 426.0 1.0 
201 203.2 2.2 253 254.7 il aes 305 306.4 1.4 450 450.9 0.9 
202 204.1 21 254 255.7 107, 306 307.4 1.4 475 475.9 0.9 
203 205.1 2:1 255 256.7 107 307 308.4 1.4 500 500.8 0:8 
204 206.1 2.1 256 257.7 aed 308 309.4 1.4 550 550.8 0.8 
205 207.1 2.1 257 258.7 1A 309 310.4 1.4 600 600.7 0.7 
206 208.1 2.1 258 259.7 Dd 310 311.4 1.4 700 700.6 0.6 
207 209.1 2:1 259 260.7 1.7 311 312.4 1.4 800 800.5 015 
208 210.1 2.1 260 261.7 1.7 312 313.4 1.4 900 900.4 0.4 
209 211.1 2.1 261 262.7 ie 313 314.4 1.4 1000 1000.4 0.4 
210 212-1 21 262 263.7 1.7 314 315.4 1.4 iat Beak ie 
211 213.1 21 263 264.7 107 315 316.4 1.4 ie, Ng aya Rie 
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Errect or NonsinusoipaL LatrEraL Motion oF WHEEL Basp 


The theory described in this paper assumes that all displace- 
ments, velocities, and accelerations vary harmonically. This 
assumption is reasonable for the motions of the sprung weight on 
its supporting springs, since the scales of the springs are linear 
and the predominating forces are spring forces and inertia forces. 
Also, accelerometer records taken in the cabs of oscillating loco- 
motives appear sinusoidal, which shows that the velocities and 
displacements must have been very close to following pure sine 
waves. The unsprung mass, however, has its lateral motion re- 
sisted partly by friction and partly by flange pressure, the latter 
coming into play only near the maximum displacement positions. 
Therefore, it cannot be assumed that the lateral motions of the 
unsprung mass will be harmonic. Let us determine the effect 
that nonharmonic motion will have on the theory. 

At the critical speed, the energy input per cycle is 


a /2w ar /2w 
4 uf 4uQVadt = nov f adi wee. =. (al 
0 


The energy loss per cycle is 


Equating input to loss and solving for V, we obtain 


‘ aw /2w 
Vor = BA/2 jk OT, 7. PER [c] 
0 


The determination of the critical speed is thus dependent on 
the determination of an expression for a as a function of ¢. If, 


as a first approximation we take a = A cos wt, as done before, we 
obtain 


Consider that a is some function other than A cos wt. The 
turning action on the vehicle comes from the flanges, which act 
during only a portion of each cycle. Therefore, the angularity 
may change rather quickly, remain constant, and then change 
back again. The angularity a plotted against the time ¢ Fig. 
17 will be a sine wave flattened at the peaks. The limit of such 
a tendency is the square wave form, Fig. 17, which could not ex- 
ist, but is a limit which could be approached. It represents the 
most unfavorable condition because it produces the largest pos- 
sible value of input. 

If the wave form of a were square, then a would be constant 
and equal to +A during each half cycle. Substituting A for a 
in Equation [c] of this Appendix, we obtain 


Vict Bo/25 bicis. a baememnte fe] 


If the wave form of the variation of a were sharper at the peaks 
than a sine wave, then the input would be smaller and the critical 
speed would be higher. However, this is too favorable an as- 
sumption. If the tendency exists at all it comes as a result of 
the speed and flange pressure being too small to turn the loco- 
motive fast enough. High speeds and severe oscillations both 
tend to produce the square rather than the pointed wave form. 

As a result of the foregoing analysis we find that the critical- 
speed theory advanced in this paper no longer depends on the 


assumption of sinusoidal motion. 


RAILROADS 


If the motion of the wheel 


base is not sinusoidal, the critical speed may be reduced by the 
factor 7/4 or 0.785 as the limit. 
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NOMENCLATURE AND ImpoRTANT EQUATIONS 


the variable angle between the center line of the vehicle 
and the center line of the track 

the peak value of a during a cycle of the oscillation 

the wheel base of a vehicle 

the lateral distance between the springs supporting the 
sprung weight of a rail vehicle 


C’ and C” = constants of integration 


c 
D 
d 


track damping constant 

disturbing force (see Appendix 1) 

lateral displacement of the center of gravity of the 
sprung weight relative to the unsprung weight due to 
roll 

natural frequency of roll of a vehicle 

the lateral component of the friction force at the tread 
which opposes rotation of the wheel base 

height of the center of gravity of the sprung mass 
above the center line of the axle 

the polar moment of inertia of the sprung weight 
about a longitudinal axis through the axle centers 

the polar moment of inertia of a vehicle about a vertical 


ax’s through the center of gravity 


oi3 = Sel 


a general subscript designating the i-th axle of a wheel 
base 

the spring scale for one side of a vehicle, neglecting 
cross-equalized springs 

the lateral spring scale of a vehicle 

axle load/average axle load 

the mass of the sprung weight of a vehicle 

the coefficient of friction 

the number of axles in a wheel base 

the phase angle between the lateral slippage of the wheel 
base and the rolling of the sprung weight (see Ap- 
pendix 1) 


Var = | 
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= the frictional resistance to the lateral slippage of the 
wheel base (see Appendix 1) 

static wheel load 

= track gage 

= half the maximum lateral amplitude of the wheel base 
allowed by the track and bearing clearances 

phase angle of motion of i-th axle referred to phase of 
center of rotation 

= time 

= the forward velocity of the vehicle 

= 2m times the frequency of the oscillation 

the sprung weight of a vehicle 

= lateral slippage of wheel base due to roll of body (see 
Appendix 1) 

the longitudinal distance between the 7-th axle and the 
center of rotation 

same for the first axle 

the flange pressure on an axle 

lateral translation of a vehicle. 


oa © 28) 
ll 


XN 
ll 


y = 
Natural frequency of roll 
f = (1/20) V[K 0? — 2Wh)/2T,]............ [10] 
Angularity of wheel base 
A = dw cos —:/V = bw/+/(x2w? + V2).. [14] and [16] 


Amplitude of lateral translation of wheel base 


Total amplitude of the 7-th axle 


= GHG Won) COSA anne Aan s A eemae [12] 
Input per cycle 
=U VO) N/(atws it V2) eres sees =< [18] 
Loss per cycle 
i=1 
= [8uQu8/V(mte? + V9] D> Vv Int + (6/241... 119] 
Critical speed 
t~=1 
Ver = [8f/n] >a V/ (air? + (8/2)?].......... (9] 
1=n 


Critical speed for nonuniform axle load 
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Measurement of Steam Rate and Indicated 


Horsepower of Locomotives 


By ARTHUR WILLIAMS,! EAST CHICAGO, IND. 


It has been the customary procedure to determine the 
steam rate and indicated horsepower of locomotives and 
other reciprocating steam engines from indicator cards. 
This paper points out that particularly at high locomotive 
speeds, the obtainment of indicator cards is subject to 
gross errors, and that the expense of rigging up for such 
tests is hardly warranted by the results that can be ex- 
pected. The paper discusses in detail another method of 
determining the steam rate and indicated horsepower of 
a locomotive, which other writers have referred to as the 
“heat-drop method.’? The paper proves both the sim- 
plicity of the method as well as its relative accuracy. The 
method is applicable to such locomotives only in which 
the exhaust steam is at least dry, and only in the absence 
of moisture, the Btu contents per pound of both admitted 
and exhausted steam can be accurately determined 
through pressure and temperature measurement. The 
paper contains detailed suggestions for successfully apply- 
ing the method on the locomotive. Thus it contains data 
on the construction and location of the thermocouples, 


HE overall efficiency of a locomotive may be divided into 

three parts: The engine or cylinder efficiency, the boiler- 

combustion efficiency, and the machine efficiency. A 
measure of the cylinder efficiency is the steam rate, or steam con- 
sumption per indicated horsepower-hour. In the past this has 
been determined by measuring the indicated horsepower, and 
the steam to the engines, and dividing the second by the first. 
It is somewhat difficult on a road test to determine these values 
accurately. The indicated horsepower can be calculated when 
the mean effective pressure in the cylinders and the speed are 
known. The mean effective pressure in the cylinders is found 
by means of an indicator. The accuracy of the indicator de- 
) pends in the first place upon the accuracy of the reducing motion 
from the crosshead to the indicator drum, the pencil motion on 
the indicator, the spring, and the area of the piston. With 
careful workmanship and calibration these errors can be made 
fairly small. It is more difficult, particularly at high speeds, to 
guard against errors due to the inertia of the moving parts and 
vibration of the apparatus. 

Having obtained the mean effective pressure it is necessary to 
know the speed in order to calculate the indicated horsepower. 
A speed indicator is again a source of error, and if speeds are 
obtained by taking the time between mileposts the speed at the 


1 Research Engineer, The Superheater Company. Mr. Williams 
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with the Great Western Railway, England, for four years and for 
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nual Meeting of THe American Society or MucuanicaL ENGI- 
NEERS to be held in New York, N. Y., December 2 to 6, 1935. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until January 10, 1936, for publication at a later date. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


and the manner in which these thermocouples are applied 
and wired up to the instrument with which the pyro- 
electric force is determined. The results of the tests 
carried out with this method on two different locomotives, 
are presented in the paper and, in general, it is shown 
what advantages this simple method has for the test and 
analysis of all those design factors or devices which are 
liable to affect the steam rate of a locomotive. 

Toward the conclusion of the paper, reference is made 
to a suggestion by L. K. Botteron, which appeared in the 
Railway Mechanical Engineer of July, 1930, to the effect 
that the exhaust nozzle of a locomotive could be considered 
a flowmeter nozzle for the determination of the quantity 
of steam that the locomotive exhausts. The paper pro- 
ceeds to show how the specific volume and velocity of the 
steam, while passing through the mouth of the locomotive 
exhaust tip (which quantities are essential for the Botteron 
method), are derived from the exhaust-steam temperature 
and pressure measurements that are incidental to the 
carrying out of the heat-drop determination. 


time at which the indicator card is taken may be different from 
the average time between mileposts. 

The next step in the calculation of the steam rate is to measure 
the steam to the engines. This is usually done by measuring the 
water fed to the boiler from the tender tank and subtracting the 
steam to the auxiliaries, such as the air compressor, boiler feed 
pump, stoker, steam used for heating the train, or for other train 
services, and the steam wasted from the safety valve, injector 
overflow, and blower. Errors arise, of course, in the measure- 
ment or calculation of each of these quantities. 

Since the accurate measurement of the steam rate depends 
upon the accurate measurement of the mean effective pressure, 
speed, boiler evaporation, steam to auxiliaries, and steam wasted, 
it can readily be seen that the correct determination of the steam 
rate on a road test, using the test procedure outlined, is difficult. 
The suggestion has been made? that the steam rate be determined 
by means of the observation of the difference in heat content of 
the steam in the steam pipe and the exhaust. It is the purpose 
of this paper to show that, with reasonable precautions this can 
be done on most locomotives with good accuracy and far less 
trouble than by using the indicator. 


Tueory oF MEASUREMENT 


The first law of thermodynamics states that “‘heat and mechani- 
cal energy are interconvertible and can neither be created nor 
destroyed. For steady-flow conditions, such as are obtained 
with an engine, it follows that “For any prime mover operating 
under these conditions the energy delivered by this apparatus 
in any unit of time is equal to the difference of the heat contents 
at entrance and exit from the apparatus, for the entire amount of 


2 ‘Some Experimental Results From a Three-Cylinder Compound 
Locomotive,” by Lawford H. Fry, Proceedings, Institution of Me- 
chanical Engineers, 1927, vol. 2, pp. 923-1024. 

‘A Thermodynamic Analysis of the Steady Flow of Fluids,” by 
C. H. Berry, Mechanical Engineering, vol. 51, 1929, p. 816. 
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working substance flowing in this unit of time, minus the radia- 
tion and conduction losses from the apparatus.’’* 

With superheated steam, if the temperature and pressure are 
known, the heat content can be obtained from steam tables. 
With saturated steam it is necessary to know the percentage of 
moisture. To measure the temperature of the exhaust steam 
from locomotive cylinders, when it is superheated, is simple. 
To measure the amount of moisture in the exhaust steam ac- 
curately, when it is saturated, is difficult, if not impossible. 
Accordingly, the method described in this paper is limited to those 
cases where there is superheat in the exhaust steam. Since most 
locomotives in main-line service have some superheat in their 
exhaust, this limitation is not very important. It is one, how- 
ever, that must always be borne in mind. 
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Knowing the temperature and pressure of the admitted steam 
and of the exhaust steam, the two heat contents can be obtained 
from steam tables. The difference between the two gives the 
heat drop in Btu per pound of steam. This heat drop is equal to 
the work done in the cylinders per pound of steam, plus the heat 
lost through radiation. The radiation loss is relatively small 
and, if desired, can be allowed for. One horsepower-hour is 
equal to 2545 Btu. Dividing 2545 by the heat drop per pound of 
steam will give directly the pounds of steam per indicated horse- 
power,hour. It makes no difference what processes are taking 
place in the cylinder, whether they are adiabatic, isothermal, or, 


* “Heat-Power Engineering,’ Part 1, Thermodynamics and Prime 
Movers, by W. N. Barnard, F. O. Ellenwood, and C. F. Hirshfeld, 
John Wiley & Sons, Inc., New York, 1926, p. 46. 
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as is actually the case, a turbulent process which does not follow 
any definite law. In the extreme case, where steam is leaking by 
the piston, with no work being done, the heat content would be 
the same in the steam pipe and in the exhaust, with due allow- 
ance for radiation. This case is the same as that of the well- 
known throttling calorimeter. 


Vavup or Metuop ror Locomotive Trsts 


Since it is only necessary to measure the temperature and pres- 
sure in the steam pipe and in the exhaust of the locomotive 
cylinders, the test apparatus is relatively simple. It is possible 
for one man to ride in the cab of a locomotive and take all of the 
necessary readings. This may be contrasted with the test ap- 
paratus and test crew necessary for determining the steam rate 
using indicators. 

It is obvious that where a complete test by taking indicator 
cards would not be justified, a test using the heat-drop method 
can be run with a low expenditure, and the various design fea- 
tures which influence cylinder performance can be studied as 
often as desired. 

The following are the design features commonly in question: 


(1) Boiler pressure, since it controls the steam pressure in 
the steam pipe. 

(2) The throttle and dry pipe. The pressure drop through 
these affects the pressure in the steam pipe. 

(3) The steam temperature in the steam pipe and superheater 
design. : 

(4) The size and design of the valves and cylinders. 

(5) The valve setting. 

(6) The exhaust nozzle, both size and shape. 


The necessary readings for obtaining the steam rate can be 
taken at frequent intervals, so that a complete picture is easily 
obtained of the locomotive performance, at various speeds and 
rates of working. Even when tests are being made on the com- 
bustion efficiency of, and heat transfer in, the boiler, it is desira- 
ble to measure the steam rate and cylinder efficiency, so that the 
results may be more closely analyzed. 


Meruops or MEASUREMENT AND SOURCES OF ERROR 


The instruments used in measuring the temperature and 
pressure should be as accurate as possible and suitable for use in 
road tests on locomotives. In order to obtain a better under- 
standing of the relation between errors and accuracy, Fig. 1 has 
been prepared. In this figure the four curves show the effect 
of errors in measurement of the steam-pipe temperature, steam- 
pipe pressure, exhaust-steam temperature, and exhaust-steam 
pressure, on the steam rate. An error of 2 lb per sq in. in meas- 
uring the steam-pipe pressure will cause an error of 0.1 per cent 
in the calculated steam rate. An error of 1 lb per sq in. in the 
measurement of the exhaust pressure will cause an error of 0.14 
per cent in the steam rate. To measure the steam-pipe pressure 
to within 2 Ib per sq in. and the exhaust pressure to within 1 lb 
per sq in. only calls for reasonably accurate test gages. It may 
be necessary to make a correction for the hydrostatic head, due 
to the water in the pipe connecting the pressure gage and the 
point where it is tapped into the steam pipe or exhaust pipe. 

The measurement of the steam pipe and exhaust-steam tem- 
peratures calls for more careful consideration. If they can be 
measured with a maximum error in each of 1 F, the resulting 
error in the steam rate will be 0.68 per cent. If they are meas- 
ured with a maximum error in each of 2 F, the error in the steam 
rate will be 1.35 per cent. Adding to these figures the errors due 
to the steam-pressure measurements gives a total error of 0.92 
per cent if the temperatures are measured to within 1 F and 1.59 
per cent if the steam temperatures are measured to within 2 F. 


* 
} 


\ author with good results. 
_ that this is the only apparatus suitable for measuring tempera- 
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It is possible to use instruments suitable for road tests on locomo- 
tives that will give results which will average somewhere between 
these two figures. 

The apparatus described in this paper has been used by the 
This statement is not meant to infer 


tures to within 1 or 2 F.. Other means of temperature measure- 
ment will be mentioned later. 

The temperatures are measured with thermocouples con- 
structed as shown in Fig. 2. Wires used are iron and constantan, 
purchased in lengths. Samples of each length are calibrated, 


- with reference to a thermometer which has been certificated by 


} 
\ 


the Bureau of Standards. The wires are led through porcelain 
insulators to a steel plug welded in the end of a piece of 1/;in. 
pipe. The wires are brought through small holes drilled in 


" the steel plug, bent over, and the ends then covered with silver 


solder. This gives a thermocouple which is tight against the 


' steam pressure and will follow any change in steam temperature 
') rapidly. The thermocouple is screwed into a socket, which, in 


; 
) 
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‘turn, is screwed into the steam pipe. This gives a steam space 
surrounding the thermocouple all the way up to the thermocouple 
head, which serves to minimize any errors due to conduction 
along the thermocouple pipe. The steam-pipe thermocouple, 
illustrated in Fig. 2, is screwed into the steam pipe in any con- 
venient place. 

The exhaust-steam temperature is measured, not in the exhaust 
passage, but in the exhaust stand. It has been the common 
practice in the past to measure the exhaust-steam temperature 
in the exhaust passage close to the steam chest. This has been 
standard practice on the Pennsylvania Railroad in their tests, 
at Altoona, in their locomotive test plant. It is stated in sev- 
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eral of the railroad’s publications, that the exhaust-steam tem- 
erature measurements are believed to be higher than the true 
“emperatures. The reason given is as follows: 


During admission of the steam into the cylinder, heat is transferred 
“rom the steam to the cylinder walls and head. As the steam ex- 
joands and becomes cooler this heat transfer stops and then reverses, 
o that during the exhaust stroke heat is being transferred from the 
sylinder to the exhaust steam. After release, when the pressure in 
she cylinder is higher than the average exhaust pressure, there oc- 
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curs a sudden rush of steam, which by reason of its high velocity 
does not have time to absorb very much heat from the cylinder walls. 
As the piston moves on the exhaust stroke the steam, which is now 
moving more slowly, is heated up by the cylinder walls, with a rise 
in temperature. 


The Pennsylvania Railroad states that it believes the sudden 
tush of relatively cool steam at release does not register properly 
on the thermometer in the exhaust passage and that this ther- 
mometer is influenced more by the slow-velocity high-temperature 
steam during the exhaust stroke. 

In measuring any fluctuating steam temperature it is desirable 
to provide for as much mixing of the steam as possible. Accord- 
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Fig. 8 Exuaust-Stanp THERMOCOUPLE AND Pressurn-Gace 
CONNECTION 


ingly, the exhaust-steam thermocouple is located in the exhaust 
stand so that the steam passes through a chamber of some volume 
and with several bends before the temperature is measured. 
Also a thermocouple applied in one side of the exhaust stand will 
measure the temperature of the exhaust from both ends of one 
side of the engine, and thermocouples applied in both sides of 
the exhaust stand will measure the exhaust-steam temperatures 
from all four ends of the locomotive cylinders. 

The accuracy of the assumption that better temperature meas- 
urements could be made in the exhaust stand than in the exhaust 
passage was tested on a locomotive in main-line service. On this 
particular test an observer was riding on the front of the loco- 
motive and simultaneous readings were taken of the exhaust- 
steam temperature with a thermometer in the exhaust passage 
close to the steam chest, and a thermocouple in the exhaust 
stand. The average of a number of readings showed the observed 
exhaust-passage temperature, as indicated by the thermometer, 
to be 345 F and the observed exhaust-stand temperature, as indi- 
cated by the thermocouple, to be 325 F. In other words, if the 
exhaust-stand temperature is taken as being accurate the tem- 
perature measured in the exhaust passage close to the steam chest 
was reading 20 deg high. This figure would vary no doubt with 
the class of engine and conditions of working, but it is evident 
that measurements taken of the exhaust-steam temperature in 
the exhaust passage close to the steam chest are subject to con- 
siderable error. 

The application of the thermocouple to the exhaust stand is 
shown in Fig. 3. The thermocouple is constructed in the same 
way as that shown in Fig. 2. A !/.-in. standard pipe is screwed 
in the exhaust stand and brought out through the smokebox 
front. The thermocouple is slid into this 1/:-in. pipe, which pro- 
vides an insulating steam jacket and also permits easy removal. 

The thermocouple electromotive force is measured with a Leeds 
and Northrup potentiometer. The potentiometer is a well- 
known means of measuring temperatures in connection with 
thermocouples, and is suitable for locomotive testing. Because 
of severe vibration it is always possible to obtain a broken strand 
in one of the thermocouple wires, or a bad contact. With a di- 
rect-reading pyrometer this would throw the instrument off but 
with a potentiometer it would make no difference, as long as the 
wiring was good enough to provide a circuit. 
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With the galvanometer mounted in the potentiometer case as 
sent out by the makers, the vibration of the locomotive is suf- 
ficient to upset the galvanometer needle. In order to obviate 
this difficulty, the galvanometer is mounted on a board with a 
spring suspension as shown in Fig. 4. This board also serves 
for writing down the data and is held by the observer. The 
observer’s body will absorb most of the shocks and vibration 
of the locomotive, and with the spring mounting of the galvanome- 
ter no trouble will be found in taking readings. The potentiome- 
ter is mounted on a bracket and the galvanometer wired to 
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the potentiometer by means of two copper wires of sufficient 
length to allow freedom of movement to the observer. 

The thermocouples are connected to a rotary switch in the cab 
by means of which each one in turn may be put into the poten- 
tiometer circuit. The wiring diagram is shown in Fig. 5. A 
thermocouple measures the difference between the temperatures 
of the hot and cold junctions and consequently it is necessary to 
know the temperature of the cold junction and to connect the hot 
and cold junctions in such a way that no other electromotive force 
is set up. As in Fig. 5, the thermocouples are connected with 
special extension leads to a connecting strip which is located at 
some convenient spot near the front of the locomotive. These 
extension leads are of the same material as the thermocouple 
wire, so that no electromotive force is set up at their junction. 
This connecting strip is mounted in a closed metal box, so that 
all the junctions will be at the same temperature. From the 
connecting strip copper leads are run to the rotary switch in the 
cab. The common wires from the rotary switch, which are con- 
nected to each thermocouple in turn, are connected with copper 
leads forward to the connecting strip and from there connected 
with the special extension leads back to the cab. The ends of 
these leads are joined to copper wire, which is connected to the 
potentiometer. This junction of the extension lead and the cop- 
per wire forms the cold junction and is placed in a piece of 3/¢ 
in. pipe. The thermometer and cold junction will be at the same 
temperature and will not be affected by stray air currents. As 
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many thermocouples as desired can be wired with extension leads 
to the connecting strip at the front of the engine and the single 
extension lead going back to the cold junction will automatically 
refer the cold junction from the connecting strip to the cab. 

For best accuracy in measuring the steam rate it is desirable 
to have thermocouples in both steam pipes and both sides of the 
exhaust stand. The temperatures should not vary much from 
side to side, but with the two sets of thermocouples variations 
can be seen and a true average obtained. 

Instead of using the thermocouples the temperatures can 
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be measured with even greater accuracy by using plati- 
num-resistance thermometers. 

It has already been pointed out that the heat drop 
from the steam pipe to the exhaust includes radiation 
from the steam pipes, steam chests, cylinders, and 
exhaust passages. For a typical Pacific-type locomo- 
tive, this radiation loss has been calculated to be ap- 
proximately 0.42 per cent of the heat drop with the 
engine standing stil] and 0.83 per cent of the heat 
drop with the engine running at 100 mph. This radia- 
tion loss can be allowed for, but it is obvious that 
inaccuracies in its determination will be negligible in 
its effect on the calculation of the steam rate. 


Roap Tests or LocoMOTIVES 


Table 1 shows the results obtained on road tests of 
a 2-8-2-type locomotive in fast freight service. The 
object of the test was to determine the effect on the en- 
gine performance of a special design of superheater unit. 
Tests were first run with the standard type-A super- 
heater in place. The special superheater was then in- 
stalled in place of the type-A and further tests were 
run. No attempt was made to obtain special conditions 
with reference to the running. The engine was in regu- 
lar service, pulling whatever trains were assigned to it 
with various engine crews. The locomotive would run 
for half a division, then take on water, and then finish 
the run to the end of the division. Each test, 
shown in Table 1, is the average of readings 
taken every two miles for about 40 to 50 miles, 
representing about half a division. After starting, 
several miles were allowed before readings were 
commenced, in order that conditions might be- 
come reasonably constant. A caboose was car- 
ried back of the locomotive as a test car. The 
thermocouples were all wired to the caboose, 
where the temperatures were read by an observer 
with the potentiometer and rotary switch. The 
wiring connection between the caboose and tender 
was arranged to be easily connected and discon- 
nected. Temperatures were measured on the left 
side of the engine only. 
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TABLE 1 TEST OF 2-8-2-TYPE LOCOMOTIVE 
Steam pressure 
Steam Temperature 
Cutoff, pipe, Exhaust, Steam Exhaust Steam 
Test Ton- Speed Throttle per per lb per pipe, steam, rate, lb 
no. nage mph opening cent sq in. sq in. F F per ihp-hr 
1 3779 30.7 Full 44 149.9 11.2 641 318 17.59 
2 3879 24.0 Full 48 149.0 12.6 639 327 18.13 
3 2016 42.4 Full 40 147.7 12.5 597 291 18.62 
4 3000 28.8 Full 49 145.7 12.2 644 325 17.80 
5 3532 27.8 90% 48 144.2 11.4 628 318 18.34 
6 2690 32.0 Full 43 142.5 12.7 635 325 18.21 
ic 2629 34.3 Full 42 142.9 12.5 633 320 18.09 
8 2699 30.6 Full 46 149.2 13.0 625 314 18.41 
9 2819 29.3 Full 44 144.4 13.3 621 306 18.22 
10 3760 27.6 Full 45 154.8 12.6 641 318 17.58 
11 4200 27.3 Full 46 155.7 12.6 632 306 17.40 
12 3476 33.3 90% 42 147.3 12.5 642 327 17.93 
Avg 3207 30.7 Full 45 148 12.4 632 316 18.03 
13 3637 29.8 Full 49 159.2 13.0 707 357 15.80 
14 3718 28.5 Full 49 157.7 12.8 724 365 15.39 
15 3680 33.4 Full 47 165.5 LY 710 354 15.68 
16 3701 30.8 Full 47 162.7 12.0 683 348 16.69 
ileg 2966 28.1 Full 49 164.0 13.0 716 367 15.87 
18 2623 31.9 Full 47 162.3 14.2 705 379 16.97 
19 2660 38.0 Full 47 156.7 14.3 692 352 16.40 
20 3067 37.2 Full 45 164.7 11.6 689 334 15.84 
21 3789 31.4 Full 47 161.1 12.4 680 347 16.92 
22 ae 32.0 Full 45 160.4 11.2 677 357 17.53 
23 36.9 Full 43 163.7 10.0 666 347 UG 
24 37.6 Full 47 159.8 14.5 718 395 17.21 
25 29.8 Full 45 159.4 12.4 712 375 16.48 
26 36.6 Full 46 157.0 14.1 680 362 17.62 
27 26.3 Full 55 156.8 14.0 690 367 17/21 
28 31.6 Full 49 155.3 13,3 676 355 17.61 
29 PHL Full 48 160.3 11.3 693 354 16.48 
30 30.8 Full 48 162.7 11.9 681 351 17.02 
31 31.7 Full 48 162.7 13.5 690 357 16.79 
32 37.4 Full 43 161.9 11.8 675 350 17.38 
Avg 32.4 Full 47 160.7 12.6 693 359 16.73 
TABLE 2 TEST OF 4-6-2 TYPE LOCOMOTIVE 
Pressure -~Temperature—~ Steam 
No. of | Ton- Cutoff Steam pipe Exhaust, Steam pipe, Exhaust rate, lb 
cars nage percent lbpersqin. lbpersqin. F F per ihp-hr 
5 571 25 202 11.6 700 356 16.47 
5 573 25 205 11.6 715 354 15.60 
5 573 27 207 12.5 709 343 15.41 
5 571 25 210 12.9 705 355 16.19 
6 644 25 207 12.4 691 339 16.18 
6 636 26 205 13.2 711 359 16.00 
5 569 25 205 10.9 699 337 15.61 
5 558 25 211 12.5 719 360 15.69 
587 25.4 207 12.2 706 350 15.89 
6 643 25 213 11.4 748 360 14.37 
6 643 26 211 11.5 749 359 14.28 
6 644 25 214 10 748 356 14.21 
7 715 26 213 13.6 749 371 14.79 
6 643 25 210 13.0 748 362 14.40 
6 643 26 209 13.3 745 358 14.38 
655 25.5 212 12-1 748 361 14.41 
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The method of testing was success- 
ful and the readings obtained were 
consistent and reasonable. The in- 
crease in steam temperature with the 
special type of superheater showed a 
decrease in steam rate, in line with 
other tests. This will be referred to 
later, when the accuracy of the heat- 
drop method is discussed. 

Table 2 shows the results obtained 
in a similar test on a 4-6-2-type loco- 
motive in fast passenger service. In 
this case temperatures were measured 
in both steam pipes and in both sides 
of the exhaust stand. The variation 
from side to side was not very great, 
but was enough to be significant. 
The potentiometer and rotary switch 
were mounted in the cab and even at 
the highest of speeds the galvanome- 
ter mounting shown in Fig. 4 was 
satisfactory. Asinthe test recorded 
in Table 1 the increase in steam- 
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pipe temperature showed a decrease in steam rate, as would be 
expected. The readings of the steam-pipe temperature, exhaust- 
stand temperature, and steam rate are more consistent than those 
shown in Table 1. This is because the weight of the train did 
not vary much. Only two crews were used for all of the tests, 
and the time-table schedule was kept more closely. 


Accuracy oF Hrat-Dror MEASUREMENT OF STEAM RATE 


It is difficult to estimate the absolute accuracy of the steam 
rate as determined by the proposed method. In a number of 
locomotive tests, particularly those made at the Altoona testing 
plant of the Pennsylvania Railroad, measurements were taken 
of the exhaust-steam temperature. This temperature was al- 
ways measured in the exhaust-steam passage close to the steam 
chest, and, as already pointed out, the readings cannot be taken 
as being accurate. Consequently, it is not possible to compare 
the steam rate as obtained in these tests from the heat drop and, 
as obtained from the indicator cards, except in a general way. 

Some idea of the possible accuracy of the heat-drop method 
can be obtained from Fig. 7. In this figure steam rate is plotted 
against temperature in the steam pipe. Curve 1 is taken from 
Pennsylvania Railroad bulletin No. 24, published in 1914, en- 
titled ‘‘Superheater Tests.” In this bulletin tests are described 
which were made on a Pacific-type locomotive. The only 
changes throughout the test were the length and arrangement 
of the superheater units. All points shown on curve 1 are for a 
constant cutoff of approximately 40 per cent and a consistent 
speed of approximately 240 rpm. The steam-pipe pressure 
varied from 170 to 195 Ib. Curve 2 is plotted from the results 
given in Table 1. These tests were run at approximately 45 
per cent cutoff, with a steam-pipe pressure of from 145 to 165 
lb per sq in. 

On account of the lower steam-pipe pressure it would be ex- 
pected that curve 2 would lie above curve 1, showing a higher 
steam rate for the same steam temperature. The general trend 
of curve 2 is the same as that of curve 1. Another measure or 
indication of the accuracy of the results is the scattering of the 
points about the average line. It must be remembered that the 
tests for curve 1 were made on a stationary test plant, with the 
speed, cutoff, and horsepower being closely controlled. The 
tests for curve 2 were made in regular service, with a large varia- 
tion in speed and tonnage, and with a number of different crews 
operating the locomotive. In view of this it is thought that the 
scattering of the points for curve 2 compares favorably with the 
scattering of the points for curve 1. 


MEASUREMENT OF INDICATED HORSEPOWER 


It was pointed out by L. K. Botteron, in a paper in the Rail- 
way Mechanical Engineer, July, 1930, that the exhaust nozzle of a 
locomotive could be considered as a flowmeter. From the ex- 
haust pressure and temperature the velocity of the steam in the 
exhaust-nozzle tip can be determined. Using the connections 
for pressure and temperature, as shown in Fig. 3, it is necessary 
to apply a correction for the velocity of the steam at the point 
where the pressure is measured. The usual formula for determin- 
ing the velocity of steam in a nozzle is 


228.0 N/E ME gate ets meters teers [1] 
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where V2 = outlet velocity, ft per sec 
H, = inlet heat content, Btu per lb 
H» = outlet heat content, Btu per lb. 


In order to allow for the velocity of the steam at the point 
where the pressure is measured it is necessary to use the more 
exact formula 


es Gee 
29 
where V; = inlet velocity, ft per sec 


From a knowledge of the pressure and temperature in the ex- 
haust pipe the quantity H; is determined. From a Mollier dia- 
gram the quantity H2 is obtained, since the steam expands adia- 
batically and the entropy is the same at points 1 and 2. The 
pressure at point 2 is the pressure in the smokebox, and from the 
entropy and pressure the specific volume can be determined. 
Since the same weight of steam is flowing by points 1 and 2, the 
relation between V; and V2 is 


ating As eee iui: (3) 
Ay v2 
where A; = area of exhaust stand where pressure is measured, 
sq ft 
A, = area of exhaust tip, sq ft 
v, = specific volume at inlet, cu ft per lb 


v2 = specific volume at outlet, cu ft per Ib. 


Substituting this value of V; in Equation [2] gives 


vi E #8] 
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from which V2, or the velocity in the exhaust tip, can be caleu- 
lated. The flow of steam through the exhaust tip is equal to 
the velocity multiplied by the area, multiplied by the density, 
multiplied by a coefficient. It was assumed in the article by 
Botteron that this coefficient would be unity. Using this as- 
sumption the author has obtained some results which agreed 
fairly well with the measurement of water from the tender tank. 
It is felt that for better accuracy it would be desirable to cali- 
brate the exhaust tip by means of a standing or blowdown test. 
It would be possible for any railroad to establish the coefficient 
for their design of exhaust tip and then to use the exhaust-stand 
pressure and temperature measurements to give accurate read- 
ings of the flow of steam through the exhaust tip. By making 
suitable corrections for the steam flowing from the exhaust to 
the feedwater heater or exhaust-steam injector and for the steam 
flowing from the auxiliaries to the exhaust passage the weight of 
steam to the engine can be calculated with fair accuracy. These 
readings would give the flow of steam to the engines at any in- 
stant during a run. When the steam rate is known, as obtained 
from the heat-drop measurements, the indicated horsepower, at 
any instant, can be obtained by dividing the steam to the engines 
by the steam rate. This enables the indicated horsepower to be 
determined by measuring the temperature and pressure of the- 
steam in the steam pipe and in the exhaust stand. 


= 7/08) (Eat) cae ee [4] 
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are satisfactory for cold-drawn wires. 
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The Correlation of Spring-Wire Bending 
and Torsion Fatigue Tests 


By E. E. WEIBEL,! BERKELEY, CALIF. 


The investigation reported in this paper was an attempt 
to correlate bending and torsion fatigue results for tem- 
pered Swedish valve-spring wire so that the torsion fa- 
tigue strength might be inferred within reasonable limits 
of accuracy from the fatigue values found in the simpler 
rotating-beam test. The original program called for 
(@) the development of suitable methods of gripping the 
wire for the torsion fatigue tests; (b) the determination 
of bending and torsion fatigue values for one size of wire 
in the as-received condition, and also after removal of 
the surface layer in a centerless grinder; (Cc) the deter- 
mination of fatigue values for other sizes of wire between 
1/, in. and 1/, in., as permitted by time limitations; and 
(d) a survey of the literature for data bearing on the 
correlation of bending and torsion results. The results 
of these experiments on straight specimens of tempered 
Swedish wire in torsion and bending fatigue may be 
summarized as follows: 

1 Methods of gripping were developed which are satis- 
factory for both bending and torsion fatigue tests with 
the exception of torsion tests on shot-blasted wire. 

2 Zero to maximum torsion fatigue values for straight 
specimens in the as-received condition were about 70 per 


1—REVIEW OF THE LITERATURE 


Torsion Faticus TEsts 


DESCRIPTION of gripping methods satisfactory for 

A torsion fatigue tests on tempered carbon-steel wire could 
not be found. 

F. C. Lea of Sheffield has developed methods of gripping which 

In his earlier work (1)? 


MetHops oF GripPING WIRE IN 


1 Instructor in Department of Mechanical Engineering, University 
of California. Dr. Weibel received the degree of B.Sc. in mechanical 
engineering at McGill University, Montreal, in 1918. During the 
summers, 1915 to 1917, he was employed as structural draftsman 
with the Dominion Bridge Company, Ltd., Montreal; and from 
1918 to 1922 as mechanical designer and estimator on steam-turbine 
and electric-crane work. From 1922 to 1927 he was supervisor, under 
the mechanical engineer of the company, of the mechanical-design 
squad on cranes, hydroelectric regulating gates, etc. During 1928 
and 1929 he studied mathematics at the University of Toronto and 
in 1929 returned to the Dominion Bridge Company where he was 
employed on mechanical standardization and as field engineer on the 
installation of hydroelectric equipment. In 1931 Dr. Weibel received 
the M.S.E. degree and in 1932 the degree of Ph.D. in engineering 
mechanics from the University of Michigan where he specialized in 
photoelastic stress determination. At the time these tests were 
carried out Dr. Weibel was research associate in the engineering re- 
search department of that University. 

2. Numbers in parentheses correspond to similarly numbered 
references given in the bibliography at the end of the paper. 

Contributed by the Research Committee for presentation at the 
Annual Meeting of Tam AmpRICAN Socinry or MrcHANnIcAL ENGI- 
NEERS to be held in New York, N. Y., December 2 to 6, 1935. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 


_ cepted until January 10, 1936, for publication at a later date. 


Norse: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


cent higher than values estimated from previous tests on 
carefully coiled springs. 

3 The smaller of two sizes of wire tested in the as- 
received condition had the higher torsion fatigue limit 
and lower ultimate torsional strength. 

4 Removal of the natural surface by grinding increased 
the bending fatigue strength about 20 per cent, but de- 
creased the torsion fatigue strength about 4 per cent. 

5 Shot-blasting increased the bending fatigue strength 
about 27 per cent and increased the torsion fatigue 
strength an undetermined amount. 

6 The zero-to-maximum torsion fatigue limits of two 
sizes of wire tested in the as-received condition were 1.5 
and 1.6 times their respective bending fatigue limits. 

7 For two sizes of wire in the as-received condition 
the values of 0.84 and 0.90 were obtained for the ratio of 
reversed torsion fatigue strength to reversed bending 
fatigue strength. 

8 Approximate measurements of surface residual stress 
were made on the wire in different conditions before 
and after fatigue testing and before and after coiling, 
which may have a bearing on the fatigue properties of 
springs. 


split bushings were used. These were not entirely satisfactory 
for tempered wires. In his later work (2) gripping shanks of 
an alloy with a low melting point (type metal) were cast on the 
ends of the wire specimen. It was found that 80 per cent of the 
cold-drawn-wire specimens failed at a distance from the grips. 

Goodacre (3) reviews gripping methods in use in England for 
bending, tension, and torsion fatigue tests on ferrous and non- 
ferrous wires. In the case of torsion Lea’s casting method is 
mentioned. 

A study of type-metal alloys by F. D. Weaver (4) was noted; 
also a paper by L. J. G. van Ewijk (5) on the penetration of steel 
by soft solder and other molten metals at temperatures up to 
400 C. The latter’s observations may explain why Lea’s casting 
method, unmodified, was not successful with tempered Swedish 
wire. 

In 1929, O. Féppl (6) obtained increased torsion and bending 
fatigue strengths of polished specimens by rolling the surface 
so as to produce local plastic flow. 

A publication by P. Behrens (7) describes the rolling apparatus 
used by Foppl, and gives further results. An increase of 17 per 
cent in torsion fatigue strength of a mild steel was obtained, and 
increases of 20 to 50 per cent in bending fatigue strength of a 
low-carbon steel. 

Thum and Wunderlich (8) determined the bending fatigue 
strength of shafts with and without a press-fitted collar. Heavy 
stress concentrations, microscopic rubbing with the formation 
of oxides and corrosion, lowered the fatigue strength consider- 
ably. By surface-rolling the shaft and shaping the collar to 
reduce stress concentration, an increase of 95 per cent in fatigue 
strength was obtained. 

A paper by O. J. Horger (9) presents a considerable amount 
of data on the surface-rolling process. Increases in bending 
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fatigue strength around 30 and 40 per cent were obtained. 
Petersen and Wahl (10) also experimented with surface-rolling. 
Their paper includes a summary of Thum and Wunderlich’s 
results. 


Fatigur RESULTS ON TEMPERED SWEDISH VALVE-SPRING WIRE 


Swan, Sutton, and Douglas (11) tested straight specimens of a 
tempered Swedish valve-spring wire in torsion fatigue with maxi- 
mum stress four times the minimum stress. When tested at full 
diameter of 0.128 in. the safe range was from 20,200 to 80,800 
lb per sq in. When reduced to 0.100 in. diameter and polished, 
the safe range was from 31,400 to 125,500 Ib per sq in., an in- 
crease of 56 per cent. These stress values were not measured 
directly but were assumed proportional to the angular travel of 
the gripping chucks, an assumption which will be shown later to 
be unjustified because of variations in the effective length of the 
specimen. 

F. P. Zimmerli (12) tested a number of steels in the form of 
completed springs. The steels, numbers 4 and 7, were straight 
carbon pretempered Swedish wires, 0.148 in. diameter, with 0.75 
and 0:65 per cent carbon content, respectively. The safe ranges 
decrease with increasing mean values of torsion stress in close 
agreement with the Goodman diagram. Probable values of zero 
to maximum torsion stress range extrapolated from the diagrams 
are 68,000 and 58,000 lb per sq in., respectively. 

Bending fatigue tests were made on two sizes of Swedish valve- 
spring wire by Shelton and Swanger (13). The first wire, 0.162 
in. diameter, 0.65 per cent carbon, had an ultimate tensile strength 
of 221,000 lb per sq in. and with the natural surface a fatigue 
strength 34 per cent of the ultimate, or +76,000 Ib per sq in. 
When reduced to 0.130 in. diameter and polished, the fatigue 
strength was 56 per cent of the ultimate or +126,000 lb per sq in. 
The second wire, 0.148 in. diameter, 0.65 per cent carbon, had an 
ultimate strength of 217,000 lb per sq in. and a fatigue strength 
only 30 per cent of the ultimate or +65,000 Ib per sq in. It 
showed surface defects. 


OTHER FaticuE RESULTS 


The torsion fatigue results of G. A. Hankins (14) on polished 
specimens of spring steel show safe stress ranges which are prac- 
tically the same for alternating torsion and for zero-to-maximum 
torsion stress. For higher mean stresses there is a reduction in 
the safe range but values are always greater than would be given 
by the Goodman diagram. 


THE CORRELATION OF TORSION AND BENDING FATIGUE RESULTS 
FOR WIRE 


No reports of experiments were found in which torsion and 
bending fatigue results were obtained for the same wire and com- 
pared. Considerable experimental work and some theoretical 
work having a bearing on the torsion fatigue strength and on the 
ratio of torsion to bending fatigue strengths was reviewed. 

A criterion of fatigue failure of metals under any type of stress 
does not appear to have been found. Fahrenhorst and Schmid 
(15) review briefly the hypotheses as to the cause of fatigue failure 
of Kuntze, Haigh, Ljungberg, Ono, Ludwik, Gough, Hanson and 
Wright, and Schmid. These are many and various and will not 
be given here. 

H. J. Gough (16) reported that behavior of metals was being 
studied under reversed bending, reversed torsion, and all possible 
combinations of these two types of fatigue loading. Mild steel, 
a ductile material, obeyed closely the distortion-energy theory 
of von Mises and Hencky and discussed in a paper by Nadai (17), 
according to which theory the safe torsion fatigue stress would 
be 0.577 times the safe bending fatigue stress. But an alloy 
steel and a cast iron exhibited other relations. He concludes that 
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no general criterion of failure obtains under the stated stress con- 
ditions. 

Fatigue experiments by A. F. Maier (18) on tubes under two 
types of reversed stressing obtained by means of internal pres- 
sure appeared to support the theory of maximum shear stress 
according to which the safe shear stress is 0.500 times the safe 
tensile stress. The results did not support the distortion-energy 
theory. 

Moore and Kommers (19) list the reversed-torsion endurance 
limits and the reversed-bending endurance limits for polished 
specimens of a number of straight-carbon steels which had re- 
ceived widely different heat-treatments. The average of 19 
values of the ratio of torsion endurance limit to bending endur- 
ance limit was 0.55. Extreme values were 0.48 and 0.64. The 
average of 49 values of the same ratio, from results of tests on 
polished specimens, listed by Gough (20), was 0.56. Extreme 
values were 0.44 and 0.80. These results are for presumably 
homogeneous and isotropic material, and surface effects have been 
eliminated as far as possible. 

Gill and Goodacre (21) studied some aspects of the fatigue 
properties of patented wire. They found that wire with deear- 
burized surface will take overloads as well as, or better than, wire 
not decarburized and conclude that there is no gain in removing 
the decarburized surface if wire will be overstressed much. The 
writers assume that the ratio of torsion fatigue strength to bend- 
ing fatigue strength should have the value ?/3, and using this 
value together with one of their bending fatigue results for pol- 
ished wire, they calculate a hypothetical torsion fatigue strength 
which agrees closely with a previous experimental torsion fatigue 
value for polished wire obtained by Lea and Dick (22). They 
say, “It seems very probable therefore that the fatigue limit in 
bending will give a good indication of the torsional fatigue prop- 
erties of polished spring wire.’’ But they give no reasons why it 
should and offer only one sample calculated value, and do not 
check experimentally the torsion strength of the actual wire 
whose bending fatigue strength they used in their calculations. 
The arbitrary use of the ratio 2/; did not appear to be justified. 

Values of stress concentration factor around spherical and 
cylindrical inclusions have been given by Southwell and Gough 
(23) and J. N. Goodier (24), and the stresses around an elliptical 
hole in a plate by C. E. Inglis (25). 

Goodier shows that the elastic stress concentration factors at a 
small spherical cavity in regions of uniform pure shear and of 
uniform tension stress are 1.91 and 2.72, respectively. These 
values cannot be used in estimating the effect of such a cavity on 
fatigue strength in the two cases, since the first is in terms of 
maximum shear stress, and the second is in terms of maximum 
tensile stress. From Goodier’s results it can be shown that for a 
cavity in a field of uniform tension stress, the maximum shear 
stress is increased just 1.91 times. If fatigue failure were known 
to be determined by maximum shear stress, this would lead to the 
practical conclusion that the ratio of torsion endurance limit to 
bending endurance limit is unaffected by the presence of small 
spherical inclusions which are not too close to the surface. 

Since in wire, inclusions are probably lengthened out as a re- 
sult of drawing, calculations for ellipsoidal cavities would be of 
interest, but none were found in the literature.® 

For flaws at the surface of wire, the two-dimensional elastic 
stress concentrations for circular and for elliptical cylindrical 
holes might be applied assuming again an arbitrary criterion of 
fatigue failure. At a minute circular hole in the surface of the 
wire, for the case of torsion, the maximum shear stress is doubled, 
and for the case of bending, the maximum shear stress is trebled 


3 A paper by H. Neuber has since been noted, ‘Der Raiimliche. 
Spannungszustand in Umdrehungskerben,”’ Ingenieur Archiv, vol. 6, 
no. 2, April, 1935, p. 133. 
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(24). Therefore, such a flaw is more effective in reducing the 
bending fatigue strength than in reducing the torsion fatigue 
strength. 

Still assuming the maximum shear stress criterion, we may 
consider the elastic stress concentration factors for an elliptical 
flaw on the surface with major axis placed longitudinally and four 
times the length of the minor axis. For the case of bending, 
Inglis’ formula gives a factor of 1.5. For the case of torsion, the 
maximum shear stress is increased by the factor [1 + (a/2b) + 
(b/2a)], where a and 6 are the major and minor semiaxes, respec- 
tively. This formula is not given by Inglis, but was obtained 
from his results. The value of the factor in the present instance 
is 3.12. Hence, it is seen that a longitudinal elliptical surface 
flaw will reduce the torsion fatigue strength proportionately 
more than it will the bending fatigue strength. Numerical com- 
parisons are limited by the lack of numerical values for notch 
sensitivity of the material, but it is apparent that any attempt to 
calculate the torsion fatigue strength from the bending fatigue 
strength must take account of the shape of flaws which are per- 
mitted by the specifications. A striking example of the forma- 
tion of four fatigue cracks at the points of stress concentration 
around an approximately elliptical flaw of a torsion fatigue speci- 
men is shown in Fig. 27. 

Different materials under alternating loading react differently 
to stress concentration. 

W. Buchmann (26) concludes that ‘Notch sensitivity is a 
utilizable property of the material, determinable by calculation.’ 
This is the same quantity which R. E. Peterson (27) calls “stress 
concentration index’”’ q where 


q = &—1)/K — 1) 


where k is the ordinary endurance limit without stress concentra- 
tion divided by the endurance limit with stress concentration 
(fillet, hole, etc.), and K is the elastic stress concentration factor 
and is equal to the maximum stress at a fillet or hole divided by 
the average nominal stress. 

W. Buchmann (26) made fatigue studies in bending and torsion 
on specimens about 0.3 in. diameter, with circumferential notches 
of 0.002 in. to 0.08 in. radii. Fatigue strength of annealed ma- 
terials was practically unaffected by the presence of the notch (q 
practically equal to zero for very ductile materials), while for 
hardened steels the reduction in fatigue strength was practically 
proportional to the calculated increase of stress at the notch (q¢ 
approximately unity for very brittle materials). For the same 
material the greatest difference between actual reduction of fa- 
tigue strength and reduction calculated from the elastic stress 
concentration factor occurred with the sharpest notches (q 
decreases with increased sharpness of the notch in a particular 
material). 

Erich Scheil (28) published a paper on the origin of cracks in 
steel as a result of heat-treatment, and found a dependence on the 
internal-stress condition, the separation strength of the steel, and 
other factors. 

The effect of internal stresses on fatigue strength were studied 
by Buehler and Buchholtz (29), who worked with specimens about 
1 in. in diameter. They found that compressive surface stresses 
of about 30,000 to 50,000 Ib per sq in. caused by quenching, raised 
the bending fatigue limit from 10 to 20 per cent. They quote 
results which show that large tensile surface stresses reduce the 
fatigue strength about 15 per cent, and that tensile stresses below 
28,000 lb per sq in. have no appreciable effect on fatigue limit. 
They mention the gradual reduction of internal stresses as a re- 
sult of fatigue stressing. 

The same authors (30) studied the relation between residual 
temperature stresses and yield point of the material and found 
higher residual quenching stresses for materials with lower yield 
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point due to the greater amount of plastic deformation which 
occurred during quenching. 

Buehler and Scheil (31) studied the combined effect of tem- 
perature and transformation stresses in 2-in. diameter specimens 
of quenched steels. The nickel content was varied to give vari- 
ous transformation temperatures corresponding to different car- 
bon content in straight-carbon steels. Lower transformation 
temperatures left tension stresses at the surface. Very high 
transformation temperatures left compressive stresses. Smaller- 
diameter specimens had smaller tension or compression surface 
stresses than large-diameter specimens. 

Linicus and Sachs (82), in studying the effect of the die angle 
and degree of drawing on the internal stresses in wire, measured 
the internal stress by planing off half the width of the wire and 
noting the change of curvature. However, this gave only a 
qualitative measure of stress. 

R. M. Brown (33), in measuring residual stresses in cold- 
drawn mild-steel rods, found that in general, zero stress is at an 
annulus 0.66 of the diameter, with tensile stress outside and com- 
pressive stress within. 


GENERAL 


H. J. French (34) discusses the phenomenon of delayed frac- 
tures. Hardened and slightly tempered steels which did not 
fail at 10 million repetitions, failed suddenly at 30 to 60 million 
repetitions. The steels were all nickel steels and delayed frac- 
tures were observed at hardnesses above the range 45 to 50 on the 
Rockwell C scale, but not at lower hardnesses. No mention of 
the same effect in straight-carbon steels was found in the litera- 
ture. 

Another delayed-fracture effect is mentioned by A. Jiinger 
(35) who found that flat bending specimens of hardened chrome- 
molybdenum steel, in which stress concentration was produced by 
a small hole, were breaking even after 75 million repetitions, 
whereas unbored specimens did not break after 5 million repeti- 
tions. 


2—MATERIALS INVESTIGATED 


Three coils of straight-carbon tempered Swedish valve-spring 
wire were supplied by three different wire manufacturers for the 
purpose of these tests. The wire was specially selected in 
regard to freedom from inclusions and for as nearly a perfect 
surface as could be obtained. 

The stress-strain curves for static tensile and torsional tests of 
these wires are plotted in Figs. 1, 2, and 3, while the dimensions, 
chemical analyses, Rockwell hardnesses, and strengths are given 
in Table 1. The ultimate torsion strength was calculated from 
the formula 


5.1 X maximum twisting moment 


diameter® 


Carbon contents for the outer 0.001-in. thick layer were found 
to be 0.57, 0.59, and 0.59, respectively. Photomicrographs of 
the boundary material are discussed below. 

Fatigue tests were made chiefly on the 0.225-in. and 0.187-in. 
diameter wires. Complete series of tests were not made on the 
0.187-in. and 0.125-in. wires because of lack of time. 

Polished longitudinal sections and cross-sections of the 0.187-in. 
and 0.225-in. diameter wires were examined for inclusions. At 
100 magnifications, inclusions were smaller in general than about 
0.015 in., and no large inclusions were observed. 

The structure at 1000 magnifications of a cross-section of the 
0.187-in. wire is shown in Fig. 4, and of a longitudinal section of 
the 0.225-in. wire in Fig. 5. 

The boundary of the 0.187-in. wire at 1000 magnifications is 
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shown in Fig. 6 in which decarburization to a depth of about 
0.0005 in. is shown. 

Fig. 7 shows decarburization at the boundary of the 0.225-in. 
wire, the oxide scale being in focus. Fig. 8 shows another por- 
tion of the boundary of the same wire, at which the distribution 
of ferrite is less disperse. 

The photomicrographs show the extent of decarburization bet- 
ter than the carbon analyses previously given, as the latter gave 
the average carbon content for a layer twice as thick as the actual 
decarburized layer. 


3—DESCRIPTION OF THE FATIGUE-TESTING MACHINES 


Bending fatigue tests were made on a short-span rotating-beam- 
type machine, which was found to work satisfactorily for 0.225- 
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TABLE 1 RESULTS OF TESTS ON THREE SPECIMENS OF 
TEMPERED SWEDISH WIRE 

Diameter of wire, in............. 0.125 0.187 0.225 
Coil diameters as received, in..... 28 36 36 
Chemical analyses: 

Carbon, oc ieotse ue tees cans 0.60 0.71 0.65 

Manganese: npn «steiner 0.35 0.60 0.59 

Silicon. «0. hen tn eee as eens 0.18 0.21 0.15 

Phosphorous). cn. sieeitonicts=): 0.023 0.020 0.020 

Sulphuric. 5 seal eestor iens 0.026 0.022 0.021 
Tensile strength, lb per sq in.: 

Ultimate... 3: Gaon eee Sac aoe 226,000 211,000 204,000 

Yield point. c.c.. ccc eee «+s 203,000 190,000 181,000 
Torsional strength, lb per sq in.: 

Ultimate: sJsieen. eee ce since 166,100 162,000 166,000 

Vield ipointesori. one mee. es 5. 139,460 125,000 120,500 
Elongation in 8 in., per cent...... 4.2 5.7 6.2 
Elongation in 2 in., per cent...... 6.9 9.9 10.5 
Reduction of area, per cent....... 51.8 b1LET 43.7 
Hardness, Rockwell C.. SRE: _ 45.8 42.8 42.2 
Stress-strain curve............... , : 
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in. and 0.187-in. diameter wires, but not for 0.125-in. wire. 
Clear lengths of specimens between 1!/, in. and 21/, in. were used. 
Grips were cylindrically bored and fitted with an external cone 
and nut for clamping. 

Torsion fatigue tests were conducted on three machines of the 
constant-strain type shown in Fig. 10. A !/,-hp driving motor 
running at 1725 rpm was coupled to a shaft with a variable ec- 
centric. A connecting rod gives an oscillating motion to one of 
the gripping chucks through a rocker arm of variable radius, the 
maximum angular motion being about 12 deg. 

The second gripping chuck was originally clamped solidly on 
these machines, but in order to provide a means of determining 
the stress range at all times while the machine was in operation, 
a torsion-measuring member was inserted in series with the speci- 
men under test. Two dial indicators measured the relative ro- 
tation of the two ends of this member at the extremities of the 
cycle. This device was calibrated statically under known tor- 
sion moments. Inertia effects in it were negligible, the calcu- 
lated error with the proportions used being 0.1 per cent. Read- 
ings of the dials for zero torque were made at the beginning of a 
test with the specimen in place by unclamping the dead end of the 
torsionmeter and giving the assembly a slight oscillatory motion 
to eliminate friction. 

A revolution counter was connected to the eccentric shaft. 
The motor was controlled through a 6-volt relay circuit, a current 
of 0.125 amp passing through the specimen under test. A 
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spring was provided to shift the oscillating grip a distance of 
about 0.0625 in., thus opening the circuit. Relays were adjusted 
so as to remain open after a momentary break in the circuit. 
This plan did not always stop the motor since contact was often 
maintained through the two parts of the fractured specimen. A 
phosphor-bronze leaf-spring contact in series with the specimen 
was therefore added at the end of the oscillating shaft which posi- 
tively broke the circuit with a small endwise motion of the shaft 
and stopped the motor as desired. 


Fic. 8 ANoTHER ParT oF THE SAME SECTION OF THE 0,225 In- 
DIAMETER WIRE SHOWN IN Fic. 7 ILLUSTRATING A DIFFERENT TYPE 
OF DECARBURIZATION (X 1000) 
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Ball-bearings were used throughout, lubrication being main- 
tained by oiling at the end of every one or two million cycles. 

Vibration was reduced to a minimum by balancing the rotat- 
ing eccentric parts and mounting the machines on thick sponge- 
rubber pads. 

For tests at values of mean stress other than zero, a rotational 
adjustment was provided, which could be varied during opera- 
tion. 

The split chucks were cylindrically bored to 0.5 in. diameter and 
each was clamped by means of four °/,5-in. heat-treated bolts. 


Fie. 9 Sram Apout 0.001 In. Denp Founp In ONLY ONE SECTION 
OF THE 0.225-In. DIAMETER Wire (X 100) 
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Fig. 11 Sprir Steet Mo ps; 


Copprr AND CoppbR-LEAD BUSHINGS, AND SPECIMENS PREPARED IN DIFFERENT MANNERS 


4— DEVELOPMENT OF GRIPPING METHODS FOR TORSION 
Cast-Enp MrtHop 


At the inception of this project no satisfactory methods of 
gripping were known for the torsion fatigue testing of tempered 
valve-spring wire in the as-received condition. Failure of straight 
wire specimens invariably occurred at the grips where the phe- 
nomena of stress concentration, microscopic rubbing, oxide for- 
mation, and corrosion were all present. The difficulties may be 
illustrated by Swan, Sutton & Douglas’ torsion fatigue tests on 
Swedish wire (11). Of 25 specimens tested only two failed away 
from the grips, and another two ran unbroken for ten million 

\stress cycles. 

For cold-drawn wires, the difficulties had been overcome by 
F. C. Lea (2) by the use of cast type-metal ends. Adhesion was 
obtained by first tinning the ends of the wire which was then 
gripped in a split steel mold and poured with type metal. Molds 
and specimens of this type are indicated in Fig. 11. ‘The tempera- 
ture reached by the central portion of the wire in the process was 
not above 100 C, and when such high temperatures were reached 
they were only of momentary duration. 

Lea’s method was taken as the starting point for the present 
work with tempered wire. The alloy used was described by Lea 
(2) as a white metal having a melting point as low as 107 C, and 
' by Goodacre (3) as a type metal melting at 180 C. In the experi- 
ments reported in this paper, a matrix metal, a tin-lead solder, 
and a commercial monotype metal were tried first. The matrix 
metal contained 28.5 per cent lead, 14.5 per cent tin, 48 per cent 
bismuth, and 9 per cent antimony, and had a melting point of 
105C. The tin-lead solder had a melting point of approximately 
180 C. The monotype metal analyzed 76 per cent lead, 8 per 
cent tin, and 16 per cent antimony, and had a melting point 
around 240 C. 

The matrix alloy and the tin solder did not adhere to the wire 
in torsion fatigue trials, whereas the monotype metal always 
adhered, even for torsional stresses in the wire as high as 140,000 
Ib per sq in. Monotype metal is relatively inexpensive, and as it 
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seemed to meet the initial requirements it was used in subsequent 
tests. 

Specimens of 0.125-in. wire were prepared with cast monotype 
ends and tested in torsion fatigue. In all cases in the early ex- 
periments failure occurred at the inner end of the molded type- 
metal shank. To reduce stress concentration effects the ends 
were variously shaped as shown in Figs. 12a, 12b, and 12c and 
were gripped at varying values of D shown in Fig. 12d, but frac- 
tures were always at the junction with the white metal thus indi- 
cating that stress concentration was probably not the chief cause 
of failure. For small angles A and for large values of D shown 
in Figs. 12a and 12d, respectively, the white metal failed by 
cracking along a helix. In order to vary the hardness of the white 
metal, pouring temperatures were varied from 475 C to 300 C, 
and mold temperatures were reduced to as low as 5 C with no 
apparent effect on the position of wire fractures. 

A few specimens were clamped directly in a split-copper bush 
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Fic. 16 Dervicr ror ROLLING THE SURFACE OF THE WIRE. 


ing with a 0.009-in. layer of detail paper between the wire and 
bushing. These failed at the grips. 

One specimen was clamped without paper in a split mild-steel 
bushing and failed at the grip. 

Removal of the decarburized layer and polishing is known to 
greatly increase the fatigue strength of wire. When this was done 
and followed by tinning and casting on type-metal shanks, failure 
again, as with other methods, occurred at the grip. 

Five specimens of 0.187-in. wire were prepared with cast mono- 
type ends for testing in the rotating-beam machine, in the belief 
that conditions here would not be so drastic as for torsion and 
that bending fatigue experiments could be started. Although 
the different shapes of the ends of the specimens shown in Figs. 
12a, 12b, 12c, and 12d were tried, failure always occurred at the 
grips. One bending specimen was not tinned, but cast directly 
on the wire which had been fluxed in azine chloride. It failed at 
the grip, indicating that tinning was not an essential cause of 
failure. 

The presence of a yellowish white oxide at the junction of wire 
with cast shank suggested a similarity in the gripping problem to 
that of the failure of axles at a press fit, where stress concentration 
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and corrosion fatigue due to the formation of oxides are present 
(8, 9,10). In the experiments of Thum and Wunderlich remark- 
able increases of bending fatigue strength were obtained due to 
surface-rolling. This process was next tried and since it met with 
success it will be described in detail. 


SuRFACE-ROLLING OF WIRE SPECIMENS 


The apparatus detailed in Fig. 13 and shown in Fig. 16 was 
assembled and used to roll the surface of wire specimens at the 
points where failure had previously been found to occur. The 
rollers were made of 7/,.-in. diameter hardened steel with the face 
crowned to 3/3-in. radius. Roller dimensions were taken from 
the dissertation of O. J. Horger (9). A load of approximately 
100 Ib was used at the spring, giving roller loads of about 230 lb 
each. The approximately straight wire specimens were gripped 
in a lathe chuck and rotated at various speeds. The 0.225-in. 
wire was rotated at 25 rpm and the 0.187-in. wire at 35 rpm, giv- 
ing a surface speed of 1.5fpm. A feed of 0.0055 in. per revolution 
was used. 

With the roller dimensions and loading as given, the maximum 
shear stress in a perfectly elastic solid calculated by the Herz 
theory for contact stresses was in the neighborhood of 500,000 
Ib persqin. The yield point in shear of the tempered wire is from 
120,000 to 140,000 Ib per sq in. Consequently, this extremely 
high stress is not reached but plastic flow takes place to a depth 
depending upon the roller pressure. The slow rolling speed 
allows time for plastic flow to occur. As a result of rolling, the 
surface material is work-hardened, is made more dense, and is 
left with heavy compressive residual stresses, all of which prob- 
ably contribute to its increased fatigue strength. 

Two portions of the wire specimen, each about °/sin. long, were 
rolled as shown in Fig. 14. The roller pressure was increased 
linearly from zero to a maximum in a length of 1/;6 in. to 1/g in. 
and similarly reduced to zero at the other end of the rolled por- 
tion. The tinning was not permitted to touch the natural surface 
of the wire in the center portion because of possible penetration 
and weakening (5). The cast end was kept clear of the end of 
tinned portion so that perfect adhesion was obtained. The bev- 
eled ends of the wire specimen were centered in female lathe 
centers for turning the type-metal ends to fit the chucks of the 
torsion machine. It was obviously not necessary for the wire to 
be straight with this method of gripping. 

Before tinning, the ends of the wire were rubbed lightly with 
emery cloth to remove scale, and fluxed in zinc-chloride solution. 
They were tinned by dipping into molten 50/50 lead-tin solder 
at 325 C. The momentary temperature reached at a point in 
the wire just clear of the tinning did not in general exceed 75 C. 
This was measured by inserting a thermocouple in small holes 
drilled in pieces of #/s-in. and 1/,-in. drill rod, and tinning these 
as for the wire specimens. 

The monotype metal was poured at 325 C and the molds were 
usually at or slightly below room temperature. The split molds 
weighed 0.60 and 1.25 lb for the 0.187-in. and 0.225-in. wires, 
_ respectively. The metal cooled quickly and wire temperatures 
as measured by thermocouples did not exceed 75 C. 

The combination of cast ends with surface rolling of the wire 
was successful for alternating torsion fatigue tests on as-received 
wire and on wire with the surface ground. Practically every 
specimen failed away from the gripping points. The method 
was not successful for shot-blasted wire, since the surface ma- 
terial of this wire is strengthened greatly by work-hardening. 
The method was successful for bending fatigue tests in a short- 
span rotating-beam machine on wire in the as-received, ground, 
shot-blasted, and shot-blasted-and-blued conditions. 

To obtain torsion fatigue results for shot-blasted wire, a sur- 
face layer of approximately 0.0015 in. was removed from the two 
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end portions of the specimens after which they were polished 
and rolled. Since the wire specimens were not perfectly straight 
it was necessary to rotate them in a lathe and clean them with 
emery cloth. All scratches had to be removed to eliminate the 
danger of the specimen breaking at the scratches. The few 
specimens prepared in this way did not fracture as desired, 
probably due to scratches from the emery, but the double 
strengthening due to removal of decarburized layer and to sur- 
face rolling should more than counterbalance the strengthening 
in the center portion of specimen due to shot-blasting. Further 
work with this method should yield results. 

When the cast-end type of specimen was tested in a zero-to- 
maximum torsion-stress cycle, there was a continuous angular 
creep in the type-metal ends. The effect of this creep was to 
shift the stress range to a position with a lower mean stress value 
so that it was necessary to adjust the machines at frequent inter- 
vals in order to maintain the intended stress cycle. The cast-end 
method was consequently abandoned for zero-to-maximum 
stress cycles, although it is probable that an automatic method 
of maintaining the proper stress cycle can be worked out. This 
may be a desirable development as the cast-end method has the 
great advantage of reducing stress concentration to a minimum. 


Spiit-BusHiIne MrrHops 


For tests in a zero-to-maximum torsion-stress cycle, split bush- 
ings were used to grip the wire. In conjunction with the bush- 
ings surface rolling was always used to strengthen the wire in the 
critical region. Bushing materials experimented with were 
ordinary cold-rolled steel, hard-drawn copper, and a copper-lead 
alloy with about 25 per cent lead. Steel was used because of its 
high coefficient of friction, requiring lower gripping pressures, 
while copper-lead was used because of its successful application 
in the pulsating tensile tests of Shelton and Swanger (13). The 
friction coefficient of brass was too low for satisfactory gripping. 
In some cases the ends of bushings were faced square with no 
attempt at relieving stress concentration, while in other cases 
they were beveled in an attempt to reduce the pressure peak 
occurring at the ends. When set in the machine they were 
chucked sometimes flush at the ends, and sometimes protruding 
a short distance, which was believed to reduce the pressure peak 
due to gripping. In some cases a thickness of paper was used 
between the wire surface and the bushing bore. Rolling and 
subsequent gripping of the wire were done either directly on the 
natural surface or on a portion which was polished after being 
reduced about 0.004 in. in diameter to remove the decarburized 
layer. 

The wire diameter was reduced either by grinding between 
centers which could only be done on samples specially selected 
for straightness, or more practically by hand in a lathe using 
strips of successively finer emery cloth. Bushings were drilled 
solid with a twist drill and sometimes finish-bored by a gun 
reamer with which it was attempted to bore them 0.0005 in. 
smaller than the neat-wire size. They were split into halves by a 
1/s-in. milling cutter, and in one case each half was slotted to 
provide greater flexibility in clamping around the surface of the 
wire. 

Five specimens of 0.225 in. wire in the as-received condition 
were selected for straightness and ground between centers to 
0.221 in. diameter using the tapered-end fittings shown in Fig. 
15a. They were rolled and gripped by the methods of either 
Fig. 15a or Fig. 15b. Specimens Nos. 350 and 351, shown in 
Fig. 25, were gripped in the copper-lead bushing detailed in Fig. 
15b. Both of these specimens fractured in the center as shown in 
Fig. 25. However, the fracture of specimen No. 350 was at a 
surface flaw as is evidenced from the stress-repetition or S-N 
curve in Fig. 18. Specimen No. 352 was gripped in a copper 


510 


bushing 1 in. long, as shown in Fig. 15a, and was run 10.1 million 
cycles of 0 to 97,000 lb per sq in. stress without breaking. Speci- 
men No. 353 shown in Fig. 25 was gripped in a cold-rolled steel 
bushing 1 in. long and broke in the center portion. Specimen 
No. 354 similarly gripped in a steel bushing was removed un- 
broken after 4.4 million cycles. Very little galling of the wire 
surface was evidenced. Copper-lead bushings could not be used 
more than once because of plastic deformation. The method 
may be considered successful but somewhat elaborate. 

In an effort to simplify the procedure, the reduction in diame- 
ter of the gripped portions of specimens was omitted. The 
natural surface of the wire, or 0.187 in. diameter in this case, was 
rolled as required, the scale was removed with fine emery paper, 
and the wire was gripped in split copper bushings. Although 
the wire had been straightened by hand bending none of the speci- 
mens were actually straight so that gripping in the torsion ma- 
chine would introduce small static bending stresses which were 
neglected. Specimens Nos. 201 to 207 were prepared in the man- 
ner described and gripped in copper bushings having an end de- 
tail as shown in Fig. 15c. Specimens Nos. 201, 205, and 206 frac- 
tured clear of the grips while specimens Nos. 202, 203, and 204 
broke at the grips. Specimen No. 207 ran 10.1 million cycles at 
0 to 105,000 lb per sq in. stress. There was noticeable galling 
and probably penetration of the copper into the steel wire at 
points near the inner ends of the bushings where the pressure was 
greatest. Fatigue cracks started at such points. It was be- 
lieved that the decarburized surface was particularly susceptible 
to this welding or seizing action and the next group of specimens 
Nos. 208 to 210, were prepared with the gripped portions re- 
duced in a lathe to 0.183 in. by emery cloth previous to the sur- 
face-rolling operation. Fig. 15c indicates the tapered end of 
bushing and projection from the chuck as used for all three speci- 
mens. Specimen No. 208 was gripped in a steel bushing and 
broke at the grip. Specimens Nos. 209 and 210 were gripped in 
split copper bushings but were first wrapped with a 0.003-in. 
layer of a high-grade linen bond paper. The bushings had been 
bored to 0.185 in. diameter and therefore had to be forced onto the 
paper-covered specimen. Both specimens broke clear of the 
bushings. The paper was somewhat disintegrated at the inner 
ends of bushings, as_ is usual, due to small relative motion. 
There was also some fusing of copper to steel. 

It is believed that with better distribution of gripping pressure 
most of the failures at the grips in these experiments might have 
been avoided. A good bond-paper filler will compensate for ir- 
regularities in the surface of the bushing bore, but it is also neces- 
sary that the gripping pressure be distributed radially around the 
wire surface rather than along two lines which are diametrically 
opposite to one another. To obtain this distribution, an under- 
sized bushing bore was tried as mentioned, and in some cases a 
paper filler was placed between the outside of the bushing and the 
bored hole of the torsion-machine chucks. This had the effect 
of forcing-in the opposite edges of the bushing halves and thus 
improving the distribution of pressure. 

Welding of the bushing material to the wire surface had trouble- 
some consequences in the tests. Apart from providing points of 
weakness, it reduced the effective length of specimen between 
grips and thus, since the torsion machines are constant-strain 
machines, increased the range of stress applied to the specimen. 
The action was progressive and called for frequent strain adjust- 
ments to keep the stress range within reasonable limits. This 
effect was observed on the 0.187-in. wire gripped on the natural 
surface and when reduced to 0.183 in. by emery cloth and paper. 
It was also observed on the 0.225-in. wire ground between centers 
to a 0.221-in. diameter gripping seat when gripped in copper-lead 
bushings (specimen No. 351), but was not observed when gripped 
in steel or copper bushings (specimens Nos. 354 and 352). These 
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TABLE 2 VARIATIONS IN EERE SSE NCE IN SEVERAL OF THE 


Specimen 
no. —Type grip— Variation in range——— 
207 Copper bushing Increase 6% in 2 million cycles 
208 Steel bushing Increase 3 to 5% in 0.2 million cycles 
224 Monotype metal + 7% in 3.6 million cycles 
226 Monotype metal Decrease 1.5% in 2.5 million cycles 
364 Monotype metal Decrease 8% in 0.5 million cycles 
354 Steel bushing Decrease 1% in 4.5 million cycles 
351 Copper-lead metal Increase 7.5% in 0.7 million cycles 
352 Copper bushing Decrease 4.5% in 2.2 million cycles 
338 Copper bushing Decrease 1.0% every 2.5 million cycles 
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latter results do not agree with Shelton and Swanger’s (13) con- 
clusion that copper-lead causes less galling of the surface than 
copper, and it may be, as mentioned previously, that the distribu- 
tion of gripping pressure was the determining factor. 

The stress range did not remain constant throughout the en- 
durance test of any one specimen, although in some instances the 
variation was very small. In contrast with the phenomenon 
mentioned previously, some specimens gripped in split bushings 
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showed a gradual reduction in stress range, probably due to a 
loosening of the wire at the inner ends of the bushings. The 
specimens with cast type-metal ends always showed a reduction in 
range which seemed to be due to relaxation under the gripping 
pressure, and consequent loosening in the chuck. This was cor- 
rected easily by tightening the gripping bolts. The effect was 
greatest at high stress ranges when specimens heated up consid- 
erably, but was quite small in tests near the fatigue limit. Regu- 
lar attention and readjustment was thus necessary in all torsion 
tests to maintain stress ranges within satisfactory limits. The 
observed variations in stress range for some individual specimens 
are given in Table 2. 


5—TEST PROCEDURE 


The wire surface was examined by etching in a solution of 
equal amounts of concentrated hydrochloric acid and water 
maintained at 80 C. The wire was reduced in diameter in steps 
of about 0.0005 in. and examined at each stage until a reduction 
of about 0.004 in. had been made. The surface of all three sizes 
was exceptionally homogeneous and free from defects. With 
much deeper etching longitudinal streaks appeared which were 
probably not related to the original surface. 

A seam about 0.001 in. deep, found in a photomicrograph of 
the 0.225-in. wire, shown in Fig. 9, could not be located in other 
sections and therefore probably did not extend a great distance 
in the wire. 

Fractures were examined directly and at about 10 magnifica- 
tions. In general, inclusions, if present at the point of origin of 
the fatigue crack, were too small to be seen, but their presence 
was often indicated by a slight distortion of the fractured surface 
at this region, as it is known that the value of stress and its di- 
rection in the region of a cavity are largely determined by the 
shape of the cavity. Some individual specimens which did not 
show up well in the fatigue tests showed failure to have begun at 
an inclusion or seam as, for example, specimens Nos. 350 and 221, 
shown in Figs. 25 and 27, respectively. A few cross-sections of 
failed specimens were polished and examined at 100 magnifica- 
tions for cracks without success. 

The clear length between grips of torsion specimens was de- 
termined by the maximum angular travel of the oscillating chuck, 
and the stress range desired for the individual specimen. Values 
of length Z used in the tests were approximately as follows: 


Wire diameter, in. L 
0.125 5/, + 1/8 
0.187 3/4 + 1/5 
0.225 T/g = 1/y 


Specimens were cut to a length of about 41/2 in. and prepared 
with either cast ends or split bushings as previously described. 

In the early tests on 0.225 in. wire, it was used just as it came 
from the coil, having a slight natural curvature. In all later 
tests, for convenience, the wire was hand-straightened by being 
bent in opposition to this natural curvature. Residual stresses 
were no doubt present in both cases. 

Care was taken not to scratch the wire in preparing specimens, 
as it was found that scratches were often, though not always, the 
points at which the deciding fatigue crack started. 

Specimens were mounted in the testing machine which was 
started at approximately the desired stress range. By adjust- 
ment of the angular travel of the oscillating grip the desired 
stress range would be obtained in a few thousand stress cycles. 
Adjustments were made as required to maintain a fairly constant 
range. 

In general, a point on the fatigue diagrams of Figs. 17 to 23 
represent a stress cycle which did not vary more than +5 per 
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cent. Error in reading torque was about 0.5 per cent, and the 
error in initial calibration is estimated at 0.5 per cent. 
Torsion stresses were calculated by the formula 


5.1 X (maximum twisting moment) 


Maximum shear stress = - 
Diameter? 


Bending stresses were calculated by the formula 
Maximum bending stress 


- 10.2 X (maximum bending moment) 


Diameter? 


Because of its possible effect on the relative strength in torsion 


Fig. 24 Typican Faricur Fractures oF 0.225-In. Wirm TESTED 
In ALTERNATING ToRSION. WrIRE Usrep InN As-RECEIVED CONDITION 


Fie. 25 Typicat Faricur Fractures or 0.225-In. Wire Trstep 
IN Zero-To-Maximum Torsion. Wire Usep 1n As-RECEIVED 
ConDITION 


and bending fatigue, the presence of residual stress in the wire 
was verified experimentally. The method neglects any circum- 
ferential stress which may be present and, therefore, at best 
is only approximate. A flat surface about 1/3. in. wide was 
ground on one side of a length of wire and the change in curva- 
ture of the wire noted. From the change in curvature and the 
calculated segmented area of the portion removed the longitu- 
dinal stress in the surface material can be found. A change of 
curvature in one direction indicates a tension stress, while a 
change in the opposite direction indicates a compression stress. 


Measurements were made on straight pieces of wire in differ- 
ent conditions and on half-coils of wire specially prepared for the 
measurement of coiling stresses. Fig. 30 shows the device for 
measuring the coiling stresses with a half coil clamped in position 
and an ordinary micrometer arranged to measure deflections. 
Contact was determined by the use of ear phones and a battery 
circuit. 

Where residual stress values are given, the possible error might 
easily be +50 per cent although the figures given are averages of 
2 to 4 separate determinations which usually agreed within +25 
per cent. Measurements of coiling stresses were made in a 
limited time and only relative values of stresses are available. 


6—RESULTS OF TESTS 


The results of tests on 0.225-in. and 0.187-in. wire are plotted 
as stress against the logarithm of the number of repetitions to fail- 
ures on the S-N diagrams of Figs. 17 to 23. Fractures which oc- 
curred away from the ends are indicated by circles while speci- 
mens which did not fracture are indicated by a circle and an ar- 
row. In some cases, since they provide useful information, frac- 
tures which occurred at or near the grips are included, and are 
indicated by triangles. 


Resutts or Tests on 0.125-In. WirE as RECEIVED 


A complete series of tests was not made on 0.125-in. wire as 
received, but the results of tests on two specimens give some idea 


Fie. 26 Typrcau Faticun Fractures oF 0.221-In. CENTERLESS- 
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of the fatigue strength in a zero-to-maximum torsion stress cycle. 
One specimen without failure withstood 15 million repetitions of 
a stress cycle which at the beginning of the test was from zero to 
125,000 lb per sq in., at 10 million zero to 107,000 lb per sq in., 
and at 15 million zero to 106,000 lb per sq in. 

Another specimen broke after 5.7 million repetitions of a stress 
cycle which at the beginning of test was from zero to 124,000 
lb per sq in., at 0.26 million cycles it was from zero to 116,000 lb 
per sq in., and at the end of the test it was from zero to 113,000 
Ib per sq in. 

From these two tests the zero-to-maximum torsion endurance 
limit for 0.125 in. wire as received may be estimated at something 
over 110,000 lb per sq in. 


Resutts oF Tests on 0.225-1n. Wire as RECEIVED 


The bending fatigue results show little scatter, as seen from 
the curves in Fig. 17, and give a smooth curve, with the endurance 
limit at 67,000 lb per sq in. which is 33 per cent of the ultimate 
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strength of 204,000 lb per sq in. Reversed torsion tests show an 
endurance limit of 56,000 lb per sq in. which is 34 per cent of the 
ultimate torsional strength of 166,000 lb per sq in. Bending 
fractures shown in Fig. 29a were smooth and showed clean ma- 
terial. Torsion fractures also were all in homogeneous material, 
the crack starting at about 45 deg to the axis forming two 
roughly symmetrical fractured surfaces as shown in Fig. 24. 
Reversed torsion endurance limit is 0.84 times the reversed bend- 
ing endurance limit. 

Zero-to-maximum torsion tests showed an endurance limit of 
100,000 Ib per sq in. as observed from Fig. 18. Fractures of this 
specimen, shown in Fig. 25 were unsymmetrical and of a different 
type. The fatigue crack started at about 45 deg and curved 
around the specimen in circumferential and longitudinal direc- 
Specimen No. 350 gave a point well off the curve and the 
position of the surface flaw responsible for failure can be seen in 
Fig. 25. Fractures otherwise showed clean material. 


_ Tests or 0.225-In. Wirz Repucep To 0.221 In. 1n A CmENnTER- 


LESS GRINDER 


This series of tests was run to determine the effect of a surface- 
grinding treatment which might be commercially practicable. A 
single pass across a 60-grit wheel was used. The surface though 
smooth in appearance was considerably coarser than a surface 
polished with No. 1 emery paper. It was found that due to 
slight curvature of the wire before grinding, a variable thickness 


Fig. 27 Tyrtcan Fatigue Fractures or 0.187-In. Wir TEsTEep 
In ALTERNATING TorsION. Wire Usep 1n As-RECEIVED CONDITION 


of layer was removed. Only specimens which had ‘‘cleaned up” 
all over were tested. 

Fatigue curves for this test are shown in Fig. 19. The bending 
endurance limit is 81,000 lb per sq in., an increase of 21 per cent 
over the value for wire as received, in spite of the fact that grind- 
Bending fractures of the speci- 
mens used in this test, shown in Fig. 29b, are seen to be slightly 
stepped and ragged, and are not as clean cut as for the as-received 
wire. 

The endurance limit in reversed torsion from the curve in Fig. 
19 is 54,000 Ib per sq in., which is 4 per cent lower than the value 
for as-received wire and 0.67 times the reversed bending endur- 
ance limit of ground wire. Fractures occur at 41/2, 6, and 13 
million cycles, and the curve does not become horizontal until 
about 10 million cycles are reached. 

The “delayed fractures” of French (34) and Jiinger (35) are 
‘suggested by these results. French found that fractures oc- 
curred after 10 million cycles in nickel steels harder than about 
45-50 Rockwell C, but not in steels with lower Rockwell values. 
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Removal of the soft outer surface may leave a surface which is 
in the hardness range where delayed fractures occur, and the 
usual test to 10 million cycles is not sufficient. Also the grinding 
marks might provide stress concentrations and cause delayed 
fractures such as Jiinger observed. These effects are not present 
in the bending fatigue curve, however. 

An examination of the fractured torsion specimens showed 
that a cross-section of specimen No. 330 revealed no cracks or 
seams. The fractured surface was stepped and a crack extended 
at about 45 deg into the metal, suggesting the presence of an in- 


Fie. 28 Faricun Fracturss or 0.187-In. Wrre TrEsTeD IN ZERO- 
to-Maximum Torsion. Wrre Usrp in As-Recnivep ConDITION 


Fia. 29 Tyricau Benpine Faticup Fracturss or 0.225-In. WriR5. 

(a) As-ReceIvep Conpition; (b) Grounp To 0.221 In. DIAMETER; 

(c) SHor-BuastED Conpirion; (d) SHot-Buastep AND BLUED 
ConDITION 


clusion. Specimens Nos. 332, 333, 334, 335, and 337, Fig. 26, 
showed slight irregularities on the fractured surface at the region 
of crack formation which might have been flaws, whose effect was 
accentuated in some manner by the grinding. 


Resuuts or Tests on 0.225-IN. SHot-BLastep WIRE 


Wire in the as-received condition was shot-blasted in a stand- 
ard revolving drum for 25 min with air at a pressure between 70- 
75 lb per sq in. 

The reversed bending endurance limit as shown by the curve 
in Fig. 20 was 85,000 lb per sq in. which is 27 per cent higher than 
for wire as received. Bending fractures of the specimens are 
shown in Fig. 29c. 
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TABLE 3 BENDING AND TORSION ENDURANCE VALUES FOR TEMPERED SWEDISH VALVE-SPRING WIRE? 


Diameter, 1 <osccdis sie oad D0-ate Be ese acdery Siete) eRe oe. EAN eps ito 0.1256 0.2256 0.221¢ 0.2254 0.225¢ 0.187¢ 
Reversed bending endurance limit, lb per sq in..................2022500 tees 67,000 81,000 85,000 83,000 67,000 

Per cent ofiultimate tensile‘strengthig,.. occ. oe eee en rene lel) 2 eee 32. Be TRE ae hl SO teed ge eee 31. 
Reversed torsional endurance limit, lb per sqin..............22-0 00005000 wee uee 56,000 54,000 61,500+* 65,000 + 60,000 

Per cont of ultimate torsional strength®.. 00. ok eda eee || eee SS, Ree NC ie ke” Bae keane Maecenas 37.0 
Ratio of reversed torsional stress to reversed bending stress. See) - cae 0. 0.67 0.72+ 0.78+* .90 
Zero-to-max. torsional stress endurance limit, lb per sqin.............. 111,000 * 1005000) 55 PY ees 5 Em a Re ee Rented 107,000 
Ratio of zero-to-max. torsional endurance limit toreversed bending stress. —...... 149% Se. 9: i” te Os 

Ultimate tensile strength, lb per sqin........ TORE ed 5) oa 26,000 204 000 ce er ew) oe er 211,000 
Ultimate torsional strength, 1b persq in. see eee he nee eee rs. 166,100 1660009 "eae eR eee erie 162,000 


@ Based upon 10 million stress reversals. 

b Wire tested in as-received condition. : 
¢ Wire ground to size from 0.225 in. diameter with No. 60 grit. 
d Wire shot-blasted before testing. ; 

€ Wire shot-blasted and blued before testing. 


All torsion fractures occurred at or near the grips and these 
are shown on the diagram in Fig. 20 by triangles. One specimen 
ran 10 million cycles at 61,500 lb per sq in. without fracture. The 


Fie. 30 Device ror MEASURING COILING STRESSES IN A HatF-Coin 
(A flat spot is ground on the inner surface of the coil and the deflection of 


the arm is measured by a micrometer. Earphones and a battery circuit are 
used to record contact at the micrometer.) 


true fatigue curve will lie above the triangular points in Fig. 20 
representing fracture at the grips so that the endurance limit is 
estimated to be an unknown amount above 61,500 Ib per sq in. 


Resutts oF Tests on 0.225-In. SuHor-BLasTED-AND-BLUED 
WIRE 


After shot-blasting the specimens were blued at 500 F for 30 
minutes in a Homo furnace and cooled in the furnace. 

The bending-endurance limit shown by the curve in Fig. 21 is 
83,000 Ib per sq in. which is about 24 per cent greater than for 
wire as received. Fractures were slightly irregular but clean, 
and are shown by the specimens in Fig. 29d. 

Only two reversed-torsion specimens fractured clear of the 
grips although some of the other fractures started clear of the 
grips and extended to them. None of the specimens ran 10 
million cycles without fracture, but the endurance limit is prob- 
ably above 65,000 lb per sq in. 


Resutts or Tests on 0.187-In. Wire as RECEIVED 


The bending fatigue limit for 0.187-in. wire as-received is 
shown on the curve in Fig. 22 to be 67,000 lb per sq in., which is 
about 32 per cent of the ultimate strength of 211,000 lb per sq in. 

Seven points are shown for the reversed-torsion endurance 
curve, two of which represent failure at the grips. No specimen 
ran through 10 million cycles without failure, up to the time of 
making the diagram, but the endurance limit is very probably at 


60,000 Ib per sq in., which is 0.90 times the reversed bending en- 
durance limit, and 37 per cent of the ultimate torsional strength. 

Some torsion fractures of the 0.187-in. specimens are shown in 
Fig. 27. Specimen No. 221 failed at a longitudinal surface flaw 
or inclusion about 0.04 in. long. Two diagonal cracks are seen 
extending from the points of stress concentration at each end of 
the flaw. 

The curve for zero-to-maximum torsion tests on 0.187 in. wire 
is shown in Fig. 23. One specimen was unbroken after 10 mil- 
lion reversals at 105,000 lb persqin. A greater number of signifi- 
cant points was not obtained because of difficulties encountered 
with seizing of the copper-bushing to the wire thereby increasing 
the stress range in an erratic manner. The endurance limit is 
estimated at 107,000 lb persqin. Specimen No. 210 failed clear 
of the grips but a radial crack about 0.03 in. long could be seen 
on the fractured surface, which explains the position on the dia- 
gram. Specimen No. 201 was accidentally run at a very high 
stress. Fracture started at many points forming a ragged cone 
and a conical hollow. There was considerable slipping in the 
copper bushing at this high stress. 

A tabulation of all fatigue results is given in Table 3. 


RESIDUAL STRESSES 


The following results of residual stress measurement are in- 
cluded for their suggestive value. Errors of +50 per cent or 
more may be present. 

(a) As Received. One piece of 0.187-in. wire and one piece of 
0.225-in. wire, Just as they came off the 36-in. diameter coils with 
a slight permanent set or curvature, were used to determine the 
residual stress along four edges spaced 90 deg around the wire. 
No check measurements were made in this case. The results of 
this test are given in Table 4. 


TABLE 4 LONGITUDINAL RESIDUAL STRESSES IN WIRE AS 


RECEIVED? 
Dinmetver:ol ware, W0ls..< o- ere ee 0.187 0.225 
Kind and location of stress: 
Inside edge of coil, tension................ 180,000 90,000 
Outside edge of coil, compression.......... 70,000 120,000 
Hlat sidei(2), tension «climate 40,000 30,000 
Blatinide(2), tenston... sein ceca enta anne 15,000 20,000 


@ All values in Ib per sq in. 


The results in Table 4 show very well that even coiling to 36 
in. diameter leaves large tensile stresses at the inside of the coil 
and corresponding compression stresses at the outside. The 
averages of the values measured along the two flat sides are ap- 
proximately 25,000 Ib per sq in. in both cases, which is probably 
not sufficient to materially affect fatigue strength (29). 

(b) Ground 0.221-In. Diameter Wire. Measurements on three 
samples of this wire were erratic and gave compressive longitudi- 
nal stresses from 0 to 8000 lb persqin. The fact that an uneven 
thickness of layer was removed will explain the variation in stress 
measurements. 

(c) Shot-Blasted 0.225-In. Diameter Wire. Measurements on 
three samples gave values of longitudinal compressive stress 
which were within +12 per cent of 165,000 lb per sq in. 


RESEARCH 


(d) Shot-Blasted and Blued 0.225-In. Diameter Wire. Three 
measurements gave values of longitudinal compression within 
+14 per cent of 27,600 lb per sq in. The bluing treatment re- 
duced shot-blasting stresses to one-sixth their value. 

(e) Measurements on Fatigue Specimens. Bending specimen 
No. 611, made of 0.225-in. diameter as-received wire, after 10 
million reversals at 67,000 Ib per sq in., showed an average value 
of longitudinal tension stress, for four sides of the wire of 73,000 
lb persqin. No other specimens were available to check this re- 
sult which would indicate that residual tension stresses from 
tempering do not disappear under fatigue loading, and may, 
therefore, have an effect on the fatigue strength. 

Bending specimen No. 642 of shot-blasted wire had run 13 
million reversals at 85,000 Ib per sq in. The only two measure- 
ments obtained on this specimen were zero and 56,000 lb per sq 
in. longitudinal compressive stress. No other specimens were 
available for check measurements. It would appear that the 
heavy compressive stress due to shot-blasting does not remain 
under fatigue stressing and consequently tests to 20 or 30 million 
cycles might give lower fatigue values than those obtained. 

(f) Coiling Stresses. After coiling as-received wire in a 2-in. 
diameter coil, heavy residual longitudinal tensile and compres- 
sive stresses were present on the inside and outside of the coil, 
respectively. Bluing reduced these stresses to about one-third 
their original value, but they were still appreciable in magnitude. 


7—CONCLUSION 


The zero-to-maximum torsion endurance limits of 110,000, 
107,000, and 100,000 Ib per sq in. for as-received wire are about 
70 per cent higher than the values of 68,000 and 58,000 lb per sq in. 
estimated from the results of experiments on completed springs 
of similar material by F. P. Zimmerli (12). Residual tension 
stresses at the inside of the coils, even if they were shown to be 
present after the bluing treatments, would not be sufficient to 
explain such large differences in fatigue strengths, as Buehler and 
Buchholtz’ results (29) show variations of only 15 or 20 per cent 
due to internal stress. 

The results given in this paper may be considered as ideal 
values as it is possible to attain if no serious flaws are 
present. The twelve 0.225-in. specimens tested in zero-to-maxi- 
mum torsion, the results of which are plotted in Fig. 18, repre- 
\ sent a total length of not over 12 in. of wire actually submitted to 
the repeated stressing. In a single complete spring, possibly 40 
in. of wire would be under test and if there were only one flaw in 
each spring such as that in specimen No. 350, indicated in Fig. 
18, it is obvious that lower fatigue values would be obtained in 
the tests on complete springs. The only remedy for such a con- 
dition would be the elimination of all serious flaws in the material. 

Comparison may also be made with Swan, Sutton, and Douglas 
torsion results (11) on straight specimens of 0.182-in. diameter 
tempered Swedish wire with natural surface. The present zero- 
to-maximum value of 110,000 lb per sq in. for 0.125 in. wire is 
about 70 per cent higher than the results of their tests which were 
made at a ratio of minimum-to-maximum stress of 1:4. 

The consistently high values of torsion endurance limit ob- 
tained for three sizes of wire in the experiments reported in this 
paper might suggest the presence of some consistent error in the 
work. However, the tests were made on three machines which 
were separately calibrated statically; calibration factors agreed 
closely and test results for the same wire on different machines 
were consistent among themselves. 

Although ratios of reversed-torsion fatigue strength and of zero- 
to-maximum torsion fatigue strength to reversed-bending fatigue 
strength have been obtained for 0.187 in. and 0.225 in. wires and 
given in Table 3, it has not been possible to correlate these ratios 
with the factors which largely determine them, such as the shape 
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of inclusions and of surface flaws. The extent and relative effect 
on bending and torsion fatigue strengths of anisotropy due to the 
drawing process has not been investigated. The effect of residual 
stress, if present, on the ratio of bending and torsion fatigue 
strengths would appear to call for investigation. Until informa- 
tion is available in the directions indicated it is not apparent that 
the bending fatigue strength of a wire will be a certain measure 
of the torsion fatigue strength of that wire. 
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Evaluation of Effective Radiant Heating 
Surface and Application of the 


Stefan-Boltzman Law 


to Heat Absorption in Boiler Furnaces 


By E. PF. MULLIKIN,? NEW YORK, N. Y. 


In the first section of this paper a method has been de- 
veloped for converting well-known types of furnace heat- 
absorbing surfaces into an equivalent effective radiant 
heating surface. It concerns the evaluation of this effec- 
tive radiant heating surface as controlled by (1) various 
spacings of waterwall tubes, (2) various kinds of blocks 
on the waterwall tubes, (3) various amounts of slag on 
the waterwall tubes or blocks, and (4) the emissivity of 
the waterwall surface exposed to the flame. The second 
section deals with the fraction of heat supplied to the 
furnace that is given up by the gases in the furnace which 


1—EFFECTIVE RADIANT HEATING SURFACE 


F THE number of methods offered for the evaluation of 
CG) effective radiant heating surface in steam-boiler furnaces, 
the most logical method appears to be that involving in 
part the work of Hottel.*4 Briefly this method is based on the 
fact that radiant-heat transmission is governed by the laws 
of absorption and reflection. Thus, Lambert’s cosine law is 
applicable, that is, a rough or corrugated “black” surface will 
not receive any more radiant heat than a similar plane or flat 
surface. Although this principle has been contested by some 
investigators it is generally accepted. 
In this work we are interested in the areas in so far as they 
_ effect the radiant-heat transfer. Therefore, we may adopt as 
a standard unit of area, a square foot of effective radiant heating 
surface (water- or steam-cooled surface) which absorbs a maxi- 
mum amount of radiant heat. If our premises are based on 
the Stefan-Boltzman law this unit square foot of radiant heating 
surface must necessarily be defined as a square foot of plane 


1 Research Fellow, Superheater Company—Yale University 
Fellowship. Jun. A.S.M.E. Dr. Mullikin was graduated from 
Baltimore Polytechnic Institute and Johns Hopkins University, and 
is the recipient of graduate degrees, including Ph.D. at Yale. He 
spent a year in the test department on boiler development at the 
General Electric Company. 

2 ‘An Experimental Investigation of Heat Absorption in Boiler 

|. Furnaces,”” by W. J. Wohlenberg, W. A. Armacost, C. W. Gordon, 
and H. F. Mullikin, Trans. A.S.M.E., vol. 57, 1935, paper RP-57-4. 
3“Radiant Heat Transmission Between Surfaces Separated by 
Non-Absorbing Media,’’ by H. C. Hottel, Trans. A.S.M.E., vol. 53, 
1931, paper FSP-53-19b, p. 265. 

4“Radiant Heat Transmission,’ by H. C. Hottel, Mechanical 
Engineering, vol. 52, 1930, p. 699. 

Contributed by the Special Research Committee on Absorption 
of Radiant Heat in Boiler Furnaces for presentation at the Annual 
Meeting of THe AMpRICAN Socinty oF MECHANICAL ENGINEERS to 
be held in New York, N. Y., December 2 to 6, 1935. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until January 10, 1936, for publication at a later date. 
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is solved most simply and practically by the use of the 
Stefan-Boltzman radiation law. 

Results computed in this manner have been compared 
with results reported in a paper entitled, ‘‘An Experi- 
mental Investigation of Heat Absorption in Boiler Fur- 
naces.”’2 It is found that for large pulverized coal, and 
oil-fired and gas-fired furnaces, the assumption of an 
effective furnace emissivity of unity leads to results which 
are in substantial agreement with experimental data. 
For stoker-fired furnaces in general, the effective fur- 
nace emissivity appears to be less than unity. 


surface, perfectly clean, having an emissivity of unity, and so 
cooled by water or steam that its temperature is not greater 
than that of the water or steam which is cooling it and absorbing 
heat. 

Radiation to this unit surface from a black body or unity 
emissive surface at various temperatures will be as shown in 
Fig. 1 which was derived from the Stefan-Boltzman law. This 
curve does not change appreciably for temperatures of the ab- 
sorbing radiant heating surface varying from 0 to 1000 F abs. 
Hence, the standard unit square foot of effective radiant heating 
surface may be further defined as that square foot of surface 
which would absorb an amount of heat as indicated by Fig. 1 
when receiving radiation from a black-body source at the given 
temperature. 

Using this latter definition, any area having less radiant-heat 
absorption per square foot may be converted into an equivalent 
smaller area having the defined unit radiant-heat absorption 
per square foot by the use of multiplying terms which take into 
account the divergence of the conditions of the actual surface 
from those of the theoretically defined surface. 

In practice, radiant-heat surfaces differ from the defined unit 
surface in that they are formed of metal tubes, often spaced at 
intervals, separated by refractory, and perhaps are covered by 
steel, cast-iron, or refractory-faced blocks. Various amounts of 
slag will form on the surfaces thus causing them to be less effec- 
tive in absorbing heat. In addition the surfaces will have an 
emissivity less than unity. 

If A is the projected overall waterwall area under these 
latter conditions and Arts is the effective radiant heating surface 
as defined, then 


Arhs = AF 4F oF sFz oe Ait wienwis, che elevate tein aie {1J 


where F,, is an area factor, F¢ is an average conductivity factor, 
F; is a slag factor, and Fg is an emissivity factor. 

The area factor F4 is used to reduce overall surface to an 
equivalent effective radiant surface, assuming the surfaces clean 
and of perfect heat conductivity. The average conductivity 
factor Fg is used to take into account the fact that for refractory- 
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faced blocks the heat absorbed by the waterwall is less than for 
blocks consisting of a material of perfect heat conductivity. 
That is, if a refractory face on a 1-sq ft block diminishes the 
heat transfer one-half, this surface is equivalent to 0.5 sq ft of 
defined effective radiant heating surface. It can be shown that 
this F¢-factor varies with furnace temperature. In this paper, 
however, a mean value for the average furnace temperature has 
been assumed. The value will be sufficiently correct for the 
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SIvITy = l 


present until more data becomes available. The slag factor 
Fs is similar to Fg, but is dependent for its value on the thickness 
of slag present. The emissivity factor Fz is used to take into 
account the fact that the emissivity of the surface is less than 
unity. 

Thus, effective radiant heating surfaces are computed on 
a basis of radiant-heat-absorbing ability, and all furnace water- 
walls, no matter what their construction, may be reduced to a 
number of defined unit effective radiant heating square feet of 
surface by suitable selection of correction factors. 


Arga Factor F' 4 


The selection of these factors must be based upon existing 
data. Values of F4 may be mathematically calculated for all 
shapes and constructions of waterwalls. Fig. 2 shows curves 
taken from Hottel® for various bare-tube arrangements. Ordi- 
narily curve 2, Fig. 2, is the only curve of those given that is used 
to determine F', in boiler furnaces. The curves hold without 
significant error for all values of the dimension 7 for one row of 
tubes from zero to infinity. 

The foregoing is applicable to completely bare tubes. Oc- 
casionally it is necessary to obtain F 4-values for bare tubes half 
recessed in refractory, It is necessary to solve for this sepa- 
rately using the method of Hottel as given in Fig. 4 of his first 
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paper,’ which will not be dealt with here. However, it is readily 
possible to draw up a curve similar to Fig. 2 for this special case. 

Fin tubes may be handled in the same way when recessed in 
refractory and when the fins do not overlap or touch each other 
as is sometimes the case. Here the edges of the fins are to be 
considered as the heat-absorbing surface extremities. If these 
fin tubes are located at a distance from a refractory wall, 
Fig. 2 would be used. The heat-transfer coefficient of the metal 
of the fins is assumed to be sufficiently great so that the fins ab- 
sorb as much heat per unit of exposed area as the tube wall does. 
This assumption is open to question but is adopted in view of 
the lack of data indicating otherwise. On this basis a fin tube 
has an effective diameter equal to the distance between the 
extreme edges of the fins. Where the tubes or fins touch each 
other, F4 must equal unity as L/D in Fig. 2 will equal unity. 

For reasons similar to those stated for the fins of fin tubes, 
bolted-on or shrunk-on metal blocks with either plain or re- 
fractory faces have been assumed to have an effective area equal 
to the area of the face of the block. Where the blocks are 
adjacent to each other, F'4 is equal to unity. The reduction in 
heat transfer caused by the joint between the block and the 
tube is taken into account in the F¢-factor. 


Factor #, for Bare Tubes 


Aa 
Ratio L/D 


Fic. 2 Vaturs or THE F4-Facror ror Bare TUBES. THESE 
Vaturs Hop ror Aut Vauugs or 7 WirHouT APPRECIABLE ERROR 


(Curve 1—total to two rows when two are present. Curve 2—total to 
one row when only one is present. Curve 3—total to first row when two 
are present. Curve 4—direct to first row. Curve 5—total to second row 
when two are present. Curve 6—direct to second row. R& denotes re- 
fractory. P denotes radiating plane. When two rows are present they 
are spaced so that the tubes form equilateral triangles. The tubes are 
considered to be perfect absorbers. The curves give the fraction (FA) of 
total plane incident radiation absorbed either by the total tube, including 
reradiation, or by the tube directly, excluding reradiation by the refractory. 
For ordinary boiler-furnace calculations curve 2 only is used.) 


The factor F4 is most simply defined as that factor by which 
it is necessary to multiply projected overall clean waterwall 
surface (including perfect conducting tubes and exposed re- 
fractory between the tubes) in order to obtain the effective 
exposed radiant surface. This effective surface is not appre- 
ciably different from the projected tube surface except where 
there are reradiating refractory walls in back of the waterwall 
tubes. 


RESEARCH 


Conpouctivity Factor Fe 


The conductivity factor F¢ is introduced to take care of the 
heat resistivity of the wall. This factor is necessary because, 
although exposed areas of a bare metal block and a refractory- 
faced metal block may be equal, i.e., F'4 is identical, these areas 
will absorb different amounts of heat by radiation from the fur- 
nace. Therefore, Fg is a ratio between the actual heat conducted 
and the maximum amount of heat that could be conducted, other 
conditions remaining constant. 

E. G. Bailey ® has given some figures indicating that the com- 
parative heat-transfer rates of type-BAG refractory-faced blocks 
and type-C bare-faced blocks are 50,000 and 70,000 Btu per 
sq ft per hr. Thus F¢ would be equal to 50,000/70,000 or 0.71. 
Other published material® and experimental data which cannot 
be included here would indicate that this value of the F¢-factor 
is somewhat high. After careful consideration of the meager 
data available the values of F'¢ in Table 1 were adopted. 


TABLE 1 CONDUCTIVITY FACTORS 
Type of surface Fe 
IB ALOT DERN ere ee aren ete riots wae annals agence or 1.00 
Hinstubassss ct cee ere ees op epi Es ess Sa 1.00 
Bare-faced metal blocks on tubes.................... 0.70 
Refractory-faced metal blocks on tubes, type-BAG.... 0.35 


Theoretically, Fo varies with furnace temperature but this 
correction is omitted as the present knowledge of the effect of 
refractory on waterwalls is so scanty as to render small corrections 
unimportant. There is urgent need of laboratory experiments 
to establish the Fo-values more correctly than the approxima- 
tions given in this paper. 


Suaa Factor Fg 


The slag factor F’g is introduced to take care of the reduced 
heat absorption of waterwalls due to accumulated slag. It is 
similar to the conductivity factor in its variation with furnace 
temperature, but in view of the meager data this correction 
seems superfluous. When the boiler furnace is first operated, 
F is equal to unity, it being assumed that the surfaces are un- 
coated with slag. During the course of time slag will build up 
on the waterwall surface until a certain average equilibrium 


thickness is reached. Therefore, it is possible to compute by ° 


the use of F's the difference in heat-absorbing capacity of a 
boiler furnace when initially started and when operated under 
known conditions of wall cleanness. 

The literature is almost devoid of data on this phase of the 
subject. Some information was obtained from two boiler tests? 
run under the direction of the A.S.M.E. Radiation Committee. 
In a stoker-fired boiler, in which the waterwall tubes comprise 
a separate screen boiler, records were available to show the 
amount by which the proportional evaporation of the screen 

boiler had been reduced from five days after initial operation up 
to 18 months after initial operation. While reliable records 

»over such a period of time were not available for a pulverized- 
fuel-fired boiler having a similar separate screen boiler, a separate 
test was run on this boiler for which the slag was completely 
cleaned off of the side-wall tubes and the tubes wire-brushed to 

assure cleanness. Fig. 3 has been plotted from the results and 
is used to determine this slag factor. The derivation of 
these curves and the special case where bare tubes are located 
entirely in front of refractory are discussed in the Appendix to 
this paper. 


5 “Some Factors in Furnace Design for High Capacity,’’ by E. G. 
Bailey, Trans. A.S.M.E., vol. 49-50, 1927-1928, paper FSP-50-78, 
p. 253. 

6 ‘“Water-Cooled Furnaces for Underfeed Stokers,’’ by O. De 
Lorenzi, Combustion, vol. 3 (new notation), May, 1932, p. 15. 
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Emissivity Facror Fy 


There are very few data upon which the value of the emissivity 
factor Fz may be based for conditions as they exist within 
furnaces. This factor, as used by some investigators, was not 
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Fig. 3 DETERMINATIONS OF SuaG Factor Fg 


(For tubes half embedded in refractory, fin tubes, or waterwall block tubes, 
Fs =(1— <xF’s-1) where x = fraction of the front of the tube that is slagged.) 


clearly differentiated from the F4-, Fo-, and Fys-factors, hence 
their data cannot be used. Wohlenberg has used a value of 
0.95. There is every reason to believe that this factor is not 
far from unity. 


Furnace Exir 


Any radiant-heat ray from the furnace toward the exposed 
bottom boiler tubes at the furnace exit must strike tube surface, 
hence F, will be unity. When these tubes are of the ordinary 
bare type, Fg is unity. The factor Fs may also be taken as 
unity when the tubes are relatively free of slag. Under these 
conditions the effective radiant heating surface Ams of the 
furnace exit will be equal to the product of the width and length 
of the tube bank. 

In the special case of the double-ended boiler, it is obvious 
that the above will not hold. In this case it is suggested that the 
apex be considered nonexistent, that is, the area of the furnace 
exit be taken as the product of the length of the bottom side of 
the triangle of which the boiler tubes form two sides, and the 
width of the tube bank. The furnace volume used is then 
computed only up to this furnace exit. 


Tora, Rerractory SURFACE IN THE FURNACE 


Having obtained the effective radiant heating surface Arns 
by use of Equation [1], there will be an equivalent summation 
of areas Are defined by 


AR Stace ee een pee ari ste [2] 


The area Aref is not refractory surface in the ordinary sense, no 
effective radiant heating surface; but rather one which may be 
considered to be the surface equivalent of a summation of non- 
absorbing particles of refractory located among the waterwall 
tubes. 
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Here a new concept is offered. For calculation of the total 
exposed refractory surface in the furnace in order to determine 
the fraction cold, it would appear reasonable to add this re- 
fractory area to the pure refractory occurring in the furnace as 
such. Thus, the total refractory area in a furnace will be the 
sum of the areas of any purely refractory walls plus the value 
(A — Ants). 


Tue Sreran-BotrzmMaNn LAw AND FURNACE EMISSIVITY 


It is known that radiation from an absolutely “black” body 
follows the Stefan-Boltzman law as shown in Fig. 1 which is 
comparatively simple and, for a hot surface completely sur- 
rounded by a cold surface, is expressed by 


R= EGS[(L7/100)4$—— (5/100) 4) ee be. oe [3] 


where R = radiation, Btu per hr; C = black-body constant, 
0.1723 Btu per sq ft per hr per (deg F abs)4; S = area of hot 
surface, sq ft; H# = effective emissivity, 1.00 for both surfaces 
black; 7; = temperature of hot surface, F abs; 7, = tempera- 
ture of cold surface, F abs. 

A furnace approximates these conditions only if the mass of 
hot gases or flames acts like a black body. To exactly what 
extent this is true is problematical. Small or microscopic black 
particles in the flame and the effect of reradiating refractory 
walls will cause the effective emissivity # to approach unity. 

For purposes of simplification of the problem of furnace-heat- 
transfer calculation, 7, of Equation [8] is taken equal to the 
furnace-exit gas temperature rather than a possibly higher mean 
radiating furnace temperature. The effective emissivity H based 
on the furnace-exit temperature will be higher than the effective 
emissivity H based on the higher mean radiating furnace tem- 
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TABLE 2 EMISSIVITY DATA 


Station Avg flame 

no. Location emissivity” Remarks 
1 Grate 1.00 250,000 lb per hr rating 
1 Furnace 0.75 250,000 lb per hr rating 
2 Middle furnace 1.00 Same at all loads 
2 Top of furnace 0.80 Same at all loads 
7 Middle furnace 1.00 Same at all loads 
8 Middle furnace 0.68 Increases with load 

10 Middle furnace 0.72 Same at all loads 


2 Calculated. 


TABLE 3 CALCULATED EMISSIVITY OF PULVERIZED ILLI- 
NOIS COAL BURNED IN SPECIAL EXPERIMENTAL FURNACE 


Distance from burner, ft......... 3.5 (aA 11.5 
Emissivity, 10-ft flame depth..... 0.96 0.85 0.83 
Emissivity, 20-ft flame depth..... 1.00 0.98 0.97 


perature. Mathematically speaking, this is simply stating that. 
the radiation of a body at a given temperature and given emis- 
sivity may be equal to that of the same body at a lower tem- 
perature and higher emissivity. Therefore, it is believed that 
the emissivity based on furnace-exit temperature may not be 
far from unity. 

In regard to this particular matter the experimental data is. 
not conclusive. Table 2 gives some results of calculation based 
on radiation pyrometer data taken in the course of the A.S.M.E. 
Radiation-Committee investigation.? 


Table 3 contains some data given by Sherman.’ Koessler® 


7 “Burning Characteristics of Pulverized Coal and Radiation From. 
Their Flames,” by R. A. Sherman, Combustion, vol. 5 (new notation),. 
December, 1933, p. 30. 

8 “‘Messungen der Flammenstrahlung in Dampfkesselfeuerungen,’” 
Zeitschrift der Bayerischens Revisions-Vereins, vol. 34, 1930; no. 6, 
March 31, pp. 75-78; no. 7, April 15, pp. 95-98; no. 10, May 31, 
pp. 146-149; no. 12, June 30, pp. 175-178; no. 13, July 15, pp. 
184-187. 
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has also given considerable data on several different types of 
furnace in which the values of emissivity very often reach unity. 
It is not possible to give his data here. 


2—APPLICATION OF THE STEFAN-BOLTZMAN LAW TO 
FURNACE-HEAT-TRANSFER CALCULATIONS 


Utilizing the preceding information, a method was developed 
for the solution of the problem of furnace radiation on the basis 
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Fie. 5 Heat-Capaciry CuRVES 


that each square foot of effective radiant heating surface will 
absorb heat according to the Stefan-Boltzman law using an 
emissivity of unity, and that the furnace-exit temperature may 
be used as the mean radiating furnace temperature. 

Fundamentally, the relation between the radiation to the 
furnace walls, furnace temperature, and heat in the gases leaving 
the furnace, is based upon a furnace heat balance which may be 
expressed by 


Qu + Q4 = Vz + Qor — Qe)... -- +--+ [4] 


or 
OG Oa ti@a ee Vor = Onan [5] 


where Q, = heat of preheated air, Qg = heat of gases at 80 F, 
Qgr = heat of gases at furnace temperature, Qp = heat radiated, 
Qy = low heat value of fuel. To make use of Equation [5], 
the effective radiant heating surface in the furnace must be 
determined according to the principles given in Part 1 of this 
paper. 

It will be observed that the principal differences between the 
proposed method and older schemes of applying the Stefan-Boltz- 
man law to furnace-heat-transfer calculations lie in the manner 
of evaluating effective radiant heating surfaces and in the use of 
an emissivity of unity. A third difference lies in the practical 
method of graphical calculation now to be explained. 

In Fig. 1 furnace temperature is plotted against heat received 
by radiation per square foot of effective radiant heating surface. 
It is desirable to introduce the combustion rate expressed as 
pounds of fuel burned per square foot of effective radiant heating 
surface. Now 


(Heat radiated per hr/rhs) _ _heat radiated (6} 


(Lb fuel burned per hr/rhs) ~ Tb of fuel burned" 
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By use of Fig. 1, Equation [6] and various values of pounds of 
fuel burned per square foot of effective radiant heating surface, 
the curves of Fig. 4 may be obtained. Since the effective radiant 
heating surfaces will absorb only a given amount of heat at any 
furnace temperature, this merely states that if the combustion 
rate is doubled only half as much heat can be absorbed per 
pound of fuel supplied. This will hold only if the furnace 
temperature remains the same. Actually the smaller quantity 
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(Experimental data and boiler numbers are those given in the A.S.M.E. 
Radiation-Committee report.?) 


of heat ‘absorbed by radiation causes the furnace temperature 
to rise and hence more heat will be radiated until a balance is 
reached. 

To use Fig. 4 in calculations the procedure is as follows: Using 
a sensible-heat curve for the flue gases of the particular fuel, such 
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as Fig. 5, the furnace temperature is found on both Figs. 4 and 
5 such that the effective or low heat value per pound of wet fuel, 
plus the heat of preheat in the air, plus the heat in the gases of 
combustion at 80 F, all being the heat input per pound of wet 
fuel, minus the heat in the gases at the furnace temperature from 
Fig. 5, is equal to the heat radiated per pound of wet fuel in 
Fig. 4. 

In order to eliminate the time involved in a trial-and-error 
solution, Fig. 4 should be drawn on tracing paper. It can then 
be superimposed on Fig. 5 as shown in Fig. 6, the origin on the 
heat-radiated curve being placed on the heat-capacity-curve 
base line at a value equal to the total heat input (using low 
heating value) to the furnace per pound of fuel as fired. At the 
intersection of the curve for per cent supplied air in the furnace 
and the curve for pounds of fuel per square foot of effective 
radiant heating surface, the furnace temperature, the heat in 
the gases at the furnace temperature, and the heat radiated 
may be obtained simultaneously. The value yz is then a ratio 
of the heat radiated to the heat input per pound of wet fuel, the 
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(Experimental data and boiler numbers are those given in the A.S.M.E. 
Radiation-Committee report.?) 


subscript ( )z; denoting that » has been based on the low heat 
of the fuel. 

Values of wz using this method have been computed for the 
tests given on ten boiler furnaces in the A.S.M.E. Radiation- 
Committee report.2 These computed uz-values are compared 
with gas-temperature y,-values determined in that report? in 
Figs. 7, 8, and 9. The boiler numbers correspond to the boiler 
numbers of the report.? 

It will be observed that results are satisfactory, for all types 
of fuels and firing, excepting the results for the stoker-fired 
furnaces which are high. 

An attempt was made to derive empirical correction factors 
Ky that would modify the results obtained by this method in 
order to bring them more in line with the observed A.S.M.E. 
Radiation-Committee data.2 The derived correction factors 
appear to be best embodied in the curves given in Figs. 10 and 
11. These are to be applied by multiplying the obtained u;- 
values by the correction factor Ky. The modified u,-values thus 
obtained are compared in Figs. 12 and 13 with gas temperature 
uz-values given in the A.S.M.E. Radiation-Committee report.? 


——————— ee ee 


wie « 
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It will be seen that the modified results represent the data 
rather closely considering the simple correction used. The 
multiplying correction factor is unity for oil and gas firing except 
for all-refractory furnaces, in which case the mean furnace 
temperature is probably somewhat higher than the furnace- 
exit temperature due to the lack of waterwall surfaces available 
for absorbing heat in the lower portion of the flame. For this 
same reason the correction factor for pulverized coal approaches 
unity for furnaces in which the waterwall surface is not a large 
fraction of the total surface. The correction factor for stoker 
firing depends upon fraction cold in very much the same manner 
as has been shown by Wohlenberg in his method. 

) The new method given is not difficult. The greatest amount 
of time required in obtaining solutions by its use will be used in 
plotting a heat-capacity curve and in computing the effective 
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radiant heating surface. For extended use the former may be 
simplified by plotting heat-capacity curves for typical com- 
mercial fuels, which can also be used for boiler-design purposes. 
In routine work, a heat-capacity curve corresponding to the 
nearest fuel analysis may be used for calculations. There has 
been considerable agitation for a more rational method for 
evaluating effective radiant heating surface and it is possible 
that a method on the order of that which is given in this paper 
may be used in the future by boiler manufacturers to rate their 
product. 


Comparison With THE Bromo anp Orrok METHODS 


It can be shown that the Broido and Orrok methods are 
derivable from the preceding method of calculation. Using 
the Stefan-Boltzman law curve of Fig. 1 and a heat-capacity 


RP-57-2 523 
curve as in Fig. 5, other types of curves may be plotted. One 
type is shown in Fig. 14. This curve was obtained by assuming 
a furnace temperature from which the heat radiated per square 
foot of effective furnace surface was found in Fig. 1 and the 
value of uw, for a particular per cent air and heat input to the 
furnace per pound of fuel was found from Fig. 5. Dividing the 
heat radiated by uz, gives the heat liberated per square foot of 
radiant heating surface for the particular conditions. This was 
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(Experimental data and boiler numbers are those given in the A.S.M.E. 
Radiation-Committee report.2) 
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Radiation-Committee report. *) 


done for a number of values of furnace temperature and the 
results were plotted as in Fig. 14. Thus, this curve might have 
been used to determine pz according to the new method derived. 
However, it was not used because it is not as flexible as the curves 
previously given which were plotted on a slightly different basis. 
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An interesting fact is revealed by this type of curve. If it 
is compared with Fig. 15, which is a plot of the Broido curve, 
it will be seen that the Broido curve might be derived from the 
curves in Fig. 14 assuming a certain relation between the per cent 
of theoretical air for combustion and the rate of driving. A 
similar comparison for Fig. 16, which is a plot of the Orrok 
equation, shows that the Orrok equation might be similarly 
derived by assuming a given heat value input per pound of fuel. 

Therefore, we might conclude that the Broido curve should 
be accurate for a furnace having a certain excess-air character- 
istie for various boiler loads and the Orrok equation is applicable 
to a fuel having a given heat value. 


AccuRACY OF THE PRoposED MrtrHop 


To the engineer who frequently has used empirical formulas 
for the calculation of furnace-heat transfer, the present attack 
based on the Stefan-Boltzman law may appear as a rational 
attack in that the empirical corrections, considering the diversity 


A=Lb Air per Lb Fuel 
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Fig. 16 Prior or Orrox’s EQuaTIon FoR BoILer-FURNACE 
RADIATION 


in types of fuels and firing arrangements, are not great. From 
the strictly theoretical viewpoint of the physicist it will appear 
to a large extent empirical. Whether the method be considered 
to be based upon a firm theoretical foundation or upon an em- 
pirical basis it is submitted as being in agreement with such 
experimental data as is available, as having sufficient simplicity 
for use in practical calculations, and as showing clearly from the 
graphical standpoint the influence of various operating factors 
on the result desired. It is probable that the method will give 
an average furnace-exit temperature within 75 F. It should be 
noted however that the data by means of which the method 
advanced in this paper has been checked were taken almost 
entirely from large furnaces. Therefore, application to small 
furnaces must be made with caution. 


Stupy or THE Errect or ComBusTion CoNnDITIONS OF SUSPEN- 
SION Firing on FurNaAcr-OvuTLeT TEMPERATURE 


A special study was made in order to determine the effect 
of fixed furnace characteristics such as fraction cold, furnace 
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volume, and furnace length, as well as such operating conditions 
as per cent air, temperature of preheated air, and energy-release 
rate, Using the method developed in this paper, the furnace- 
outlet temperature was computed for various arrangements 
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(Air = 120 per cent, air temperature = 80 F, furnace volume = 8000 cu ft, 
and furnace length = 20 ft.) 
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(Fraction cold = 0.50, air temperature = 80 F, furnace volume = 8000 cu ft, 
and furnace length = 20 ft.) 
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(Fraction cold = 0.50, air = 120 per cent, furnace volume = 8000 cu ft, 
and furnace length = 20 ft.) 
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Fig. 20 Errect or VARIATION OF FuRNACE VOLUME ON FURNACE- 
Outier TEMPERATURE AT VARIOUS VALUES OF ENERGY-RELBASE 
RatTB 


(Fraction cold = 0.50, air = 120 per cent, air temperature = 80 F, furnace 
length = 10, 20, and 30 ft.) 


and conditions of the six variables mentioned previously. Three 
values were chosen for each variable as shown in Table 4. Frac- 
tion cold is defined as the effective radiant heating surface in 
the furnace divided by the area of the entire furnace envelope. 
The fuel chosen for these calculations was a representative 
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Eastern bituminous coal, the heat-capacity curve of which is 
shown in Fig. 5. 

All of the six groups of variables given in Table 4 were varied 
one at a time with respect to any other five held constant and 


TABLE 4 VALUES CHOSEN FOR SIX VARIABLES GOVERNING 
FURNACE-OUTLET TEMPERATURES 
’ Values chosen 

Variable Low Medium High 
Ta hraction Colds- ess aaee pr Bune oes 0.25 0.50 1.00 
2 Per cent combustion air............ 100 120 140 
3 Temperature combustion air, F..... 80 400 800 
4 Energy-release rate, Btu per hr..... 10000 25000 40000 
5 Furnace volume, cu ft............. 1000 8000 27000 
6) sFurnacelength, {tis 4.0: ences ae oe 10, 20, or 30% 80 200 


@ Minimum furnace length is based on volume taken as a cube. 


TABLE 5 QUALITATIVE EFFECT OF VARYING COMBUSTION 
CONDITIONS ON FURNACE-OUTLET TEMPERATURES 


) i Effect on furnace- 
Increasing this factor outlet temperature 


Mesbraction: cold we siiecy-pietie aoa aos fm gary ts « Decrease 
2 Per cent combustion alf.s cscs as <n Decrease 
3 Temperature of combustion air............... Increase 
y Ar Pnerzy-TOleasG TatOurescey settee errs =) ey Sons Increase 
PMENURDACEVOLUNG. once coro noes cee in oes Increase 
‘6 thurnaceilengthisns Seas fo lake ice es Decrease 


furnace-outlet temperatures calculated by the method de- 
veloped, except that the Kx correction factors were not applied. 
Therefore, the results, as far as the indication of absolute values 
is concerned, are slightly inaccurate, although the trends are 
correct. 

Part of the results are presented in Figs. 17 to 26. From the 
shape of the curves, it is possible to draw certain general con- 
clusions which are summarized in Table 5. These results agree 
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(Air = 120 per cent, air temperature = 80 F, energy-release rate = 25,000 
Btu per cu ft, furnace length = 10, 20, and 30 ft.) 


with those which would be expected from qualitative theoretical 
considerations. 


Appendix 


CALCULATION oF SuaG Factors ror Tuses By UsE 
or EXPERIMENTAL DaTa 


From the A.S.M.E. Radiation-Committee report,? the test 
of boiler No. 1, which is a stoker-fired unit, makes available 
data on a separate screen or waterwall boiler composed of side- 
wall tubes and a slag screen at the furnace exit. Data for the 
evaporation of the screen boiler, compared to the total evapora- 
tion, for clean tubes and for slag-covered tubes after 18 months’ 
operation, are given in Table 6. The average per cent of slag 
on the furnace effective radiant-heating-surface area of 2027 
sq ft of this boiler has been computed to be 55 per cent. In 
addition there are 394 sq ft of radiant heating surface at the 
furnace exit. It is assumed that the furnace-exit surfaces 
evaporate the same quantity of steam after long operation as 


TABLE 6 EVAPORATION OF SCREEN BOILER NO. 1° 


Total boiler Screen-boiler evap, Evap ratio, 
evap, 1000 1000 lb per hr slagged to 
per hr Clean tubes Slagged tubes clean tubes 
120 67 58 0.865 
140 75 67 0.895 
180 93 84 0.903 
200 102 92 0.900 
240 120 108 0.900 
260 129 114 0.885 
300 147 124 0.845 


@ Data taken froma test of boiler No. 1 as givenin the A.S.M.E. Radiation- 
Committee report.* 
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they did at initial operation, that is, they do not accumulate 
slag, the slag being accumulated only on the side waterwalls. 


From this an equation may be set up in which x = the slag 
factor and # = the original screen-boiler evaporation. Then, 
for initial operation 

3945 2027 Saf CH) Pe, bates ee ated) 
and for slagged operation 

394-1 202725—= 0. 9f(E) sc acnetnciassele [8] 


The value of 0.9 was taken as the approximate average reduction 
in evaporation of the screen boiler from Table 6. Solving the 
equation, x = 0.88. Thus, although the screen boiler evaporates 
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0.90 of its initial evaporation, because of the constant evapo- 
ration of the furnace-exit surface the screen waterwalls only 
evaporate 0.88 of their initial evaporation. If the wall is 55 per 
cent slagged with slag estimated */, in. thick, it has a stoppage 
factor of 1.00 — 0.88 = 0.12. A wall 100 per cent slagged 
would have a factor of 0.12 (100/55) = 0.22. This value has 
been plotted as F’s-1 in Fig. 3. It is realized that the above 
solution is not correct inasmuch as it does not take into account 
convection at the furnace exit. More involved calculations 
would not appear to be justified by the data. 

The second boiler from which tests are available in the A.S. 
M.E. Radiation-Committee report? is a pulverized-fuel-fired 
boiler with a bottom screen and side waterwalls on separate 
circulation. Here the effect of slagged waterwall tubes was 
obtained by comparing the evaporation of the screen or radiant 
boiler when slagged and when the side-wall tubes had been 


TABLE 7 EVAPORATION OF SCREEN BOILER NO. 22 
Screen boiler evap, 


Total boiler 1000 lb per hr Evap ratio, 
evap, 1000 Clean side of Slagged side of slagged to 
lb per hr wall tubes wall tubes clean tubes 

¥50 72 64 0.890 
200 91 82.5 0.906 
250 107 98 0.906 
280 114 103.5 0.908 


_ ° Data taken from a test of boiler No. 2 as given in the A.S.M.E. Radia- 
tion-Committee report.? 
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cleaned of slag and wire-brushed. Results are summarized in 
Table 7. 

Boiler No. 2 is different from the stoker-fired boiler No. 1 in 
that the horizontal tubes of the screen boiler were not appre- 
ciably slagged and were therefore not cleaned. Their evapora- 
tion should remain constant. 

It is estimated that in boiler No. 2 there were 340 sq ft of 
side-wall surface 30 per cent slagged with 3/,in. thick slag. The 
horizontal bottom-sereen tubes and the furnace exit together 
comprise 1083 sq ft of effective radiant heating surface. From 
Table 7, the heat transfer of the boiler was reduced 90.5 per cent 
because of the slag. For clean operation using the same method 
as for Equations [7] and [8] 


1083 ==1340°= fCH) FI ALE eT ee [9] 
and for slagged operation 
1083'—= 3402! =, O!905/ CE) vara ance seqerereenciotetss [10} 


from which « = 0.60. 

Since this was for tubes 30 per cent slagged, tubes 100 per cent 
slagged would have a stoppage factor of (1.00-0.60) (100/30) = 
1.33 which of course is impossible as 1.00 would be the highest 
value. Due to lack of data the factor has been taken as equal 
to 1.0 and is plotted as F’,-, in Fig. 3. 


CALCULATION OF SLAG Factors FOR SINGLE Row or TUBES 
IN Front oF REFRACTORY 


The estimated per cent of slag is usually given as a percentage 
of the surface of the waterwall tubes on the furnace side. On 
this account a distinction must be made between tubes placed 
with the rear half imbedded in refractory and tubes placed en- 
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tirely in front of refractory. The first of these will be taken as 
the standard condition. The second case will necessarily be 
calculated somewhat differently, but will be related to the first 
case. The second case may be divided into three additionaj 


a 


RESEARCH 


divisions. The first is when the front of the tube is slagged 
and the rear of the tube is clean. The second is when the whole 
circumference of the tube is uniformly slagged. The third occurs 
when the front is slagged and the rear is completely slagged up. 
These cases are illustrated in Fig. 27. 


TABLE 8 TABULATION OF RESULTS FROM HOTTEL’S CURVES 
Dinner ais core ninn Sanaa ae 2 3 4 6 8 


Heat direct to furnace side..... 0.66 0.47 0.37 0.25 0.08 
Total heat to one tube......... 0.68 0.54 0.45 0.35 0.18 
Diff. = heat to rear of tube.... 0.02 0.07 0.09 0.10 0.10 
Fraction to front of tube....... 0.97 0.87 0.80 0.72 0.64 
Fraction to rear of tube........ 0.03 0.13 0.20 0.28 0.36 


It is necessary to set up a proportion between the amount of 
heat received by the front of the tube and the amount of heat 
received by the back of the tube. This has been done by the 
use of Hottel’s curves of Fig. 2. The results are tabulated in 
Table 8. 

Let Fs = the true slag factor, F’s—-1 = the stoppage factor = 
(1.00 — slag factor), and x = the estimated fraction of front of 
tube slagged. 


Consider the specific case where L/D = 6. Using Table 8 
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for the values of the heat to the front and the rear of the tubes 
and Fig. 3 for F’s-, values, then for case 1 


Ps =. 0:28 — 0:72.00 — Fe y)n. 2 5 - en [11] 
and for case 2 

Hise a O60 It Card eRe OU LA Aer Taree eee {12] 
and for case 3 

Hise O02, (1 OOl—— el cay) ate seater nieve oes esate (13] 


This last case assumes that no heat is transferred to the back of 
the tube when it is completely slagged. 

By letting 0.28 = Fg, and 0.72 = Fs in case 1 and 0.72 = 
Fs. in case 3 a curve may be plotted to show the relation for 
various values of L/D as in Fig. 28. Equations [11], [12], and 
{13] then become 


Fg = Fg2(1 —aF’g-;) or Fgh + F53(1 — 2F’s -1) telethon {14] 


which is the relation desired to define slag factors for tubes in 
front of refractory. The values for insertion in Equation [14] 
are obtained from Figs. 3 and 28. 
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Review of Methods of Computing Heat 
Absorption in Boiler Furnaces 


By W. J. WOHLENBERG,! NEW HAVEN, CONN., anv H. F. MULLIKIN,? NEW YORK, N. Y. 


This paper contains results obtained by each of a number 
of methods of computing heat absorption in boiler fur- 
naces. These are compared with the results reported by 
the A.S.M.E. Committee on Absorption of Radiant Heat in 

Boiler Furnaces.? Particular emphasis has been placed on 
the Broido, Orrok, and Wohlenberg methods. It is shown 
| that the influence of various conditions as found by experi- 
ment are in substantial agreement with results expected 
from a theoretical consideration of the problem and those 
, arrived at by certain well-known methods now in use. 


INTRODUCTION 


HE purpose of this paper is to endeavor to check, by such 

experimental data as may be available, the various for- 

mulas and methods for the calculation of boiler-furnace 
heat transfer as have been advanced by various investigators. 
It is not proposed to discuss either the derivation or the methods 
themselves to any extent as the original articles may he readily 
inspected. 

These methods have never been checked quantitatively, 
with the exception of a few limited calculations on individual 
furnaces, principally because of the lack of experimental data 
which could be used for that purpose. 

The report of the A.S.M.E. Committee on Radiation in Boiler 
Furnaces entitled ‘An Experimental Investigation of Heat Ab- 
sorption in Boiler Furnaces,’’* and hereafter referred to in this 

paper as the Radiation-Committee Report, furnished such data 
“based on various sizes and types of furnaces fired in different 
manners. This report also has a bibliography which contains 
the titles and locations of the different papers describing the 


1 Professor of Mechanical Engineering, Sheffield Scientific School, 
Yale University. Mem. A.S.M.E. Professor Wohlenberg received 
the degree of B.Sc. in mechanical engineering from the University 
of Nebraska in 1910, and the degree of M.S. from the University of 
Tllinois in 1916. From 1910 to 1918 he served in the engineering de- 
partment of the Westinghouse Machine Company as Research Fellow 
-at the University of Illinois, and on the engineering faculties of the 
Universities of Oklahoma and Montana. He has been a member of 
‘the engineering faculty of Yale University, and engaged in consulting 
work in the field of power and steam generation, since 1918. He is 
che author of numerous papers dealing with power generation and 
on particular with radiation in furnaces. 

2 Research Fellow, Superheater Company-Yale University Fellow- 
p hip. Jun. Member A.S.M.E. Dr. Mullikin is a graduate of Balti- 
more Polytechnic Institute and Johns Hopkins University, and the 
vecipient of graduate degrees, including Ph.D. from Yale. He spenta 
tear in the test deparfment on boiler development at the General 
/dlectric Company. 

_ 3“An Experimental Investigation of Heat Absorption in Boiler 
‘?urnaces,” by W. J. Wohlenberg, W. H. Armacost, C. W. Gordon, 
»nd H. F. Mullikin, Trans. A.S.M.E., vol. 57, paper RP-57-4. 

Contributed by the Special Research Committee on Absorption of 
Radiant Heat in Boiler Furnaces for presentation at the Annual 
‘Meeting, December 2 to 6, 1935, of THm Amprican SocipTy OF 
AECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
\.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
epted until January 10, 1936, for publication at a later date. 

Notr: Statements and opinions advanced in papers are to be 
nderstood as individual expressions of their authors, and not those of 
‘he Society. 


various methods of calculation to be utilized in this paper, as well 
as a short discussion of each.4 

The form in which the original investigators have stated their 
results has in some cases required revision in order to enable 
comparisons to be made in a reasonable amount of time, such 
revision generally consisting of putting formulas in chart form. 
These revisions are described, in the first part of this paper, after 
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which the calculations made on the basis of the experimental data 
are considered. 

Five methods of calculation have been investigated. These 
are (a) actual measurement (7, 12, 22); (6) Broido method (7) ; 
(c) Orrok formula (20); (d) Wohlenberg method (1, 2, 3, 4, 5); 
and (e) Stefan-Boltzman law method. Method (e), for reasons 
stated later, is not included in the present paper. 


Broiwo Meruop 


Broido (7) has given a curve which represents the first im- 
portant contribution to the subject. This curve, given in Fig. 1, 


4 Numbers in parentheses correspond to similarly numbered refer- 
ences given in the bibliography of the A.S.M.E. Radiation-Committee 
report ‘‘Experimental Investigation of Heat Absorption in Boiler Fur- 
naces.’’3 
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shows the relation between » and heat input to the furnace per 
square foot of exposed projected radiant surface, where is de- 
fined as the ratio of heat given up from the furnace gases by 
radiation to the heat input to the furnace. 


OrROK FORMULA 


Orrok has given the following empirical formula derived from 
Hudson (39) 
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Fic. 3 WoxLENBERG CurvEs—INFLUENCE OF FURNACE 
VOLUME 
(v 2 effective radiant heating surface ) 
total furnace surface less grate 


where « = the fraction of liberated energy given up by gases in the 
furnace, A = lb of air per lb of fuel, and Cp = lb of fuel per sq ft 
of projected radiant heating surface. Fig. 2 shows Equation [1] 
plotted in the form of a series of curves for ready use. The Wil- 
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TABLE 1 CONDITIONS OF BASE SOLUTION FOR WOHLEN- 
BERG CURVES 


Furnace volume...... 8,000 cu ft 


2 Release rate......... 25,000 Btu per cu ft for pulverized-coal firing 
40,000 Btu per cu ft for stoker firing 

3 Excess air.......9. 120 per cent for pulverized-coal firing 
140 per cent for stoker firing 

4 Fraction cold?....... unity : 

Bb Coal) aes rae Illinois bituminous 

G6: ‘Wineness.- 5. eer 75 per cent through 200 mesh 


@ Fraction cold is defined as the effective exposed radiant heating surface 
in the furnace divided by the total exposed furnace surface (exclusive of the 
grate in stoker firing). 


son, Lobo, and Hottel modification (45) is apparently not valid 
for the furnaces of steam boilers. 


WoxLENBERG METHOD 


This is an extensive theoretical attack based upon the use of 
various physical constants rather than an empirical solution as 
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given in the two previous methods. The method is quite com- 
plex in that it attempts to evaluate, as far as possible, all the fac- 
tors that enter into furnace design, in contrast to the simplicity of 
the empirical attacks which depend upon one or two variables. 
In applying this method use is made of a furnace heat balance 
and values of » for various given conditions of furnace volume, 
energy-release rate, etc., which are given in several of the papers 
previously presented on this method. 

It is possible, by use of this material to arrive at results by 
interpolation. For convenience in calculation, however, these 
data, together with some additional information, have been 
graphically restated in the present article in such a form as to 
enable a more rapid solution of the problem. 

After trying several schemes of presentation it was decided to 
take as a base, the results for a furnace whose physical operating 
conditions were about in the middle of the range of physical char- 
acteristics selected for solution in the original papers. These 
conditions are given in Table 1. 

Since the original publication of the Wohlenberg method, 
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better physical data have become available, especially in regard to 
the Stefan-Boltzman and gas-radiation coefficients. Thus, a 
Stefan-Boltzman coefficient of 2 = 0.1723 Btu per sq ft per hr per 
(deg F abs)4 (6), and the radiation values of Schmidt® are to be 
preferred. 

The values of » for the base furnace are henceforth designated 
as the F-factors. Under conditions of the base furnace defined 
in Table 1, the F-factors (u-values) may be calculated using the 


TABLE 2 VALUE OF F-FACTOR 


Firing -———Method of calculation——._ Coef ratio 

method With old coef With new coef new/old 
Pulverized 0.418 0.452 1.08 
Stoker 0.258 0.311 1.20 


old coefficients as given in the original papers (1, 2, 3, 4, 5) and 
also using the new coefficients mentioned in this paper. A com- 
parison of results is shown in Table 2. It will be noted that the 


Fraction Cold 


Fic. 5 WoxuLenBpere Curves—INFLUENCE OF FRACTION CoLD 
Fracti ce effective radiant heating sara.) 
A Ea total furnace surface less grate 


values of the new coefficients are as much as 20 per cent greater 
than the old coefficients. The old values are valuable as a basis 
of comparison but the new F-factors should be used in computa- 
tions. 

Returning for the moment to the data tabulated by Wohlenberg 
and Lindseth (2) for pulverized coal, each of the factors of Table 1 
was varied separately and the resultant ratios of the y-values, 
termed K-factors, were plotted as shown in Figs. 3 to 7, inclusive. 
In order to obtain results within the desired degree of error, 
it was necessary to modify the curves somewhat as may be noted 
in the figures. The method of introducing this modification was 
determined by trial and error. 

Using the curves obtained for the pulverized-coal furnace, a 
ratio was obtained, as shown in Figs. 8 and 9, between the results 
for pulverized-coal firing and for stoker firing. 

The effect of preheated air was next noted in Fig. 10, where 
C is an additive increase in the value of u. 


’ “Messung der Gessamtstrahlung des Wasserdampfes bei Tem- 
peraturen bis 1000 deg C,”’ by E. Schmidt, Foschung auf dem 
Gebiete des Ingenieurwesens, vol. 3, 1932, p. 57. 
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Using some calculations made by the 1931 graduate power 
class at Yale University, the curve of Fig. 11 showing the effects 
of variation of particle size has been computed. 

The curves give multiplying or additive correction factors to 
apply to the F-factor (u-value) for the base or standard furnace. 
The procedure may be embodied in the equation 


w= F Ki K2K3K4K5KeK7Ke + C..............5.. [2] 
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where F = 0.452 for pulverized-fuel firing and 0.311 for stoker 
firing. The K- and C-values are obtained from Figs. 3 to 11, in- 
clusive, for the given conditions. 

Thus, these figures give a series of correction curves for pul- 
verized-coal and stoker furnaces which serve to determine y for 
any condition of: (a) furnace volume, (6) heat-liberation rate, 
(c) amount of water-cooled surface in the furnace, (d) per cent air 
used for combustion, (e) heat value of fuel, (f) temperature of 
preheated air, and (g) coal fineness through 200 mesh. 

One of the present authors has made a sample calculation (Ge 
given in Table 3, for the value of » for a gas-fired furnace as 
compared with pulverized-coal-fired and stoker-fired furnaces. 

It will be seen that, according to the Wohlenberg method, u 


1.8 


a 


Furnace Volume in 1000 Cu Ft 
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is much less for gas firing than for either stoker or pulverized- 
coal firing. As will be later shown, the experimental data at hand 
would seem to indicate otherwise. This results in the conclusion 
that the Wohlenberg method in its present form and as applied 
does not hold for gas or oil firing. 

Equation [2] thus developed may be solved for any pulverized- 
coal or stoker furnace within 2 or 3 minutes, the only work in- 
volved being the selection of the appropriate K- and C-factors 
from Figs. 3 to 11, inclusive, and a simple slide-rule multiplication. 
From the value of » obtained, the temperature of the flue gases 
leaving the furnace may be found by means of heat-capacity 
curves. These heat-capacity curves, Fig. 12, show the relation 
between the sensible heat of a given quantity of gas and its tem- 
perature and may be found by conventional combustion calcula- 
tions using the ultimate analysis of the fuel. 

The curves just developed will check values obtained by using 
the somewhat lengthy Wohlenberg equations within a maximum 
error of about +0.03 in the value of ». An advantage of the 
curves given in this manner is that they show clearly the effect of 
variation of any one of the factors. 


’ Heat Reese 


Before discussing additional possible methods of calculation, 
it will be desirable to examine the experimental data given by 
the A.S.M.E. Radiation-Committee report’ in connection with 
the Broido, Orrok, and Wohlenberg methods. In making such 
an examination, it is necessary to consider two quantities which 
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TABLE 3 COMPARISON OF z FOR DIFFERENT FIRING 
METHODS AS COMPUTED BY THE WOHLENBERG METHOD 


Firing Air, Furnace 

method per cent temp, F u 
Pulv. 1 120 2230 0.40 
Shaker a 120 2386 0.36 
Gas 120 2720 0.25 


enter into the combustion process, namely, heat released in the 
furnace and the radiant heating surface in the furnace. There 
has been considerable diversity in the method of calculating 
these items in the literature. 

In regard to the heat liberated in the furnace, some of the at- 
tacks on the problem have used an energy-release rate based on 
the calorifie or high heat value of the fuel plus any sensible heat 
in the combustion air due to preheating. 

From a theoretical point of view this is not thoroughly logical in 
that the latent heat required to vaporize the moisture due to hydro- 
gen and water in the fuel is invaluable for raising the tempera- 
ture of the gases or for radiation. In other words, instead of the 
high heat value, the low heat value should be used as in European 
practice, even though it may be somewhat indeterminate. 

Thus, as far as furnace radiation is concerned, the low or net 
heat value should be used in calculations to determine the heat 
released per cubic foot of furnace volume, the heat released per 
pound of fuel supplied, and the value of zu. 


FURNACE VOLUME 
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Various investigators have used the high or low heat value 
of the fuel rather indiscriminately. The Wohlenberg method 
made use of the high value and the Orrok method has made 
use of the low value although Orrok has compared his u-values 
directly with values given in the Wohlenberg papers, thereby 
introducing confusion. Broido’s procedure is not clear. The 
A.S.M.E. Radiation-Committee Report? gives experimental 
values of 1 computed on both the high- and low-heat-value basis. 

The heat supplied per pound of fuel fired should take into 
account incomplete combustion in any form. 

In order to relate the various furnace-heat-transfer methods to 
each other, they have been reduced to a determination of u, from 
which the furnace-exit temperature may be found through the use 
of heat-capacity curves. This u in the case of the Wohlenberg 
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method has been based on the high heat value of the fuel, de- 
noted as uz, hence the comparison with the experimental data 
will be made on this basis. The Orrok and Broido methods will 
be compared by a uw based on the low heat value of the fuel, 
denoted as »,;. The »-values calculated in either manner do not 
differ greatly, the maximum differences occurring, of course, for 
natural-gas firing. 

Since the degree of completion of combustion in the various 
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furnaces listed in the A.S.M.E. Radiation-Committee report? is 
not accurately known, it has seemed advisable to compare p- 
values, computed by the various methods, on the basis of com- 
plete combustion. The gas-temperature y-values of the re- 
port® were likewise computed on this basis and therefore the 
error in making this comparison should not be large. 


EFFecrivE Furnace Rapianr Heatinc SURFACE 
The radiant heating surfaces in the furnace are those portions 
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of the waterwalls and lower surface of the tubes of the boiler 
proper which “‘see”’ the gases in the furnace. Considerable differ- 
ence of opinion exists on the exact method of evaluating this 
surface, due to different arrangements of bare tubes in front of 
refractory, bare tubes recessed in refractory, fin tubes, cast-iron 
or steel block covered tubes, and refractory-faced block-covered 
tubes. 

For bare tubes the projected surface, that is, the diameter 
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times the length is often taken. Many use the surface based on 
half the circumference, the surface based on the whole circum- 
ference, and other possible combinations. In comparing or 
using any method, the manner of measuring the surface must be 
noted. 

Obviously, the effective radiant heating surface should have a 
value independent of any method that may be used for the cal- 
culation of heat absorption. It is usually thought of as the 
equivalent plane surface which absorbs the same amount of heat 
as the cold surface or waterwall under consideration. 

Most of the methods have given the procedure for the calcula- 
tion of heat absorption, that is, the u-value, without stating 
how to reduce the furnace walls actually found in practice to 
this plane-surface base. 

In order to establish the values of the effective furnace radiant 
heating surfaces of the different boilers tested, usually denoted 
by rhs, it was necessary to decide upon a procedure which would 
be applicable to all types of furnace surfaces such as bare block, 
refractory-faced block, bare tube, and fin tube. This meant that 
certain assumptions had to be made, based upon such scanty 
information as could be discovered concerning the relative heat- 
absorbing capacities of such surfaces as refractory-faced blocks 
and fin tubes. 

It is appreciated that a procedure so selected may not 
be acceptable to the proposers of the various formulas and 
methods, on the ground that they either recommend other pro- 
cedures or had other procedures in mind when presenting their 
method. 

However, the impracticability of calculating different effective 
radiant heating surfaces for each of the various furnaces is ob- 
vious and the results given in this paper must be accepted with 
this in mind. 

For the purpose of this paper, the radiant heating surface has 
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TABLE 4 DETERMINATION OF FURNACE EFFECTIVE RADIANT HEATING SURFACES? 
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LPBoilers n0s0)4s6:. 2 :. de eucye tes eats era 
2 Total refractory surface..............--- 100 
Refractory-faced waterwall block: 
3 Overall suntace... se acccanetnans eine ten cenane 616 
Ae TRA Peo auel tobe wis calc ae eae I ene ee 1.00 
BORE ate coe oe TOe eictatn tae eee 0.35 
CHR ot Pea ne RE Rem etn Dh otacvoln oO cro co aaAO 0.83 
¥. “Wffective: Surface. 20:0 sei pesos 180 
8 Additional refractory surface............ 436 
Bare-faced waterwall block: 
9 Overall surface, front and rear..........- 278 
1K) ial) ay Re cio Sita) Ceres ot DOLORES 1.00 
: RRS of Ri eter le ci ae Once 0.70 
7 a Cy: a ses ar rea ae rere corn nse ies Scio Gas abt 0.82 
13 ~ Effective surface.\iaco sc cret emt eee ats 160 
14 Additional refractory surface............ 118 
15 Overall surfaces, sides...........-...-.-. 488 
16) SHAS cc oc os ae 3: ceo ales ee teee roto 1.00 
1 ly a Oc eee TA BARA SP I Cerin HOA, AOS 0.70 
US” SS dis caelets acters eis ane maar eney oe te iseds tebe 0.95 
19 Bffective:surface s/o ..e ci eee eerste cote 324 
20 Additional refractory surface............ 164 
Bare-tube waterwall: 
24° ‘Overall surface; front....-. 4; see oe a are 
D9) RA jm earatha oekencniets Sie ae De ole eee eae tare 
23) BGs ae ce oe Pa eer tee 
OI ett roe IIR Ce a ROO wb EOE DO 
25. cdflectine BUrtace.. <..co.4 ws met s/anateces wy nie 
26 Additional refractory surface............ A 
Ove Ovyerallisuriaces. sides ier ace eniem ser 580 
28 Pee Aer Sees St RATE TOA ROTO IAD 0-52-7000 0.67 
DAVE 20S ao Aa Sion mn OC Oto sO OA OOA a RaOD 1.00 
SOO Rg ee oe ciate stain civ are spe eoteeme terete 0.88 
Sh) Biflective isurtaces. sage sone seiers celal ieee 342 
32 Additional refractory surface............ 238 
33 Overall surface, Tear. .2 5 ans mans = intel 384 
34 A ata datavbiiete sapere eas ione ota) ntsa gage steps aeohe bey =Xapah 0.67 
BBs MG Siag ereitanhetacchs tas Reeve ets et Sevevold bate at ape a ley ate 1.00 
36: gdh SE isin sh cscayeten eau ove oe eas 0.89 
37, iffective surface... nce pi cw slabs mw aeerereta 229 
38 Additional refractory surface............ 155 
39 Overall surface, bottom................. 
MO Fa ec ck os Bee hee ee ee ae 
8 Oe OP ASM cio nO on OOo O.O0 moog aan 
4D SESH, .chis:sis staves Winehs SerePa occ ee eieter erect 
43. Eifective surfaces. ..5. -wiv.n <ten  s eeinicse 
44 Additional refractory surface............ 
Fin-tube waterwall: 
45 Overall surface, front and rear........... 
AG - gE As & wtnis brats that hires aero ee 
BO Ge writings on ote ee ere aes ie OOo oes eters 
Ta i ee enor Cane Pt oe Sic cS Cities 
49 Eiffective aurisce.<55.00) 0 vee ee aan 
50 Additional refractory surface............ 
51 Overall surface, sides, top............... 
PRR oF RN EASE ere SOS OCS 3.0.0 
63° POLI ss. Saas seta ta «ee eee eee 
iF ED i Pe CMT ook Oe he a DAB eos ne 
65 - Effective surface: scons week be eee ed 
56 Additional refractory surface............ 
Furnace exit: 
57 Overall effective surface................. 394 
Summation: 
58 -‘Lotal refractory: escent wee calc eres 1211 
59 Total effective waterwall surface........ 1629 
60 Total furnace surface, excluding grate.... 2840 
61 Fraction cold (item 59/item 60)......... 0.57 
62 Effective surface, screen boiler........... 1629 


2 All surfaces are given in square feet. 


> Boiler numbers 1 to 10, inclusive, are th 
perimental Investigation of Heat Absorptio 
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2985 


438 


3440 


1297 
4737 
0.27 


859 


3 
3439 


438 


3654 


1083 
4737 
0.23 


645 


© Data for boilers 11, 12, and 13 are taken from the literature. 
Nore: Fg taken equal to 1.00. 


4 5 6 7 8 9 10 11 12 13 
900 861136 142 1503 1224 180 184 2071 10.8 1940 


162 417 { on 
..  1200sET= 00 1.00 
2 + 0:35) © 0.35 0.35 
"20.89 «(0.84 0.98 
§2 122 { 14 } 
110-295 { ost 
166 706 Fe 
1.00 1.00 if 
0.70 0.70 
0.96 0.92 7 
112 454 ies 
54 252 + 
234 78 {723-8} 
1.00 1.00 1.00 
0.70 0.70 1.00 
0.90 0.96 1.00 
us s pe 
86 26 0 
407 417 
1.00 0.97 
1.00 1.00 
0.84 0.96 
343 388 
64 29 
360 898 574 660 
0.66 1.00 1.00 0.62 
1.00 1.00 1.00 1.00 
1.00 0.84 0.96 0.96 
238 754 552 392 
122 144 29 268 
364 294 333 228 
0.93 1.00 1.00 0.76 
1:00 1.00 1.00 1.00 
1.00 0.84 0.96 0.96 
338 247 320 167 
26 47 13 61 
57 045 314 700 
1.00 0.77 0.76 0.65 
1.00 1.00 1.00 1.00 
1.00 0.92 0.96 1.00 
57 670 229 455 
0 275 85 245 
355 792 1618 
1.00 1.00 0.63 
1.00 1.00 1.00 
1.00 1.00 0.92 3 
355 792 938 
0 680 
800 800 2894 1060 
1.00 1.00 1.00 1.00 
1.00 1.00 1.00 1.00 
1.00 1.00 0.92 0.96 
800 800 2660 1016 
234 44 
364 408 360 357 475 555 432 360... 330 
1048 1332 © 692-«1503 1224 «324 1625 2217 { 10-8) 2497 
2095 608 1883 357 2067 1979 5154 756 $125-51 9193 
3143 1940 2575 1860 3291 2303 6779 2973 136.3 4630 
0.67 0.31 0.73 0.19 0.63 0.86 0.76 0.25 { oat 0.47 
125.5 
: 396 { ore} 1471 


e same as listed in the Report of the Committee on Absorption of Radiant Heat in Boiler Furnaces, ‘An Ex- 
n in Boiler Furnaces.'’ 


been computed on the basis given in an article by one of the pres- A = the total overall plane area of the wall in question, regard- 
ent authors.® 


This procedure makes use of the formula 


Alcs =A FF oF sFz 


’ 


less of the tube spacing, whether bare or block covered, etc.; 
F', = an area factor to reduce overall surface to equivalent effec- 


[3] tive radiant heating surface, assuming all surfaces clean and of 


perfect conductivity; Fg = a conductivity factor to take into ac- 


where Aras = equivalent effective plane radiant heating surface; count the heat conductivity of various types of block-covered 


°““Evaluation of Effective Radiant Heating Surface and Applica- 


walls; Fs = aslag factor to account for reduction in heat trans- 


tion of the Stefan-Boltzman Law to Heat Absorption in Boiler Fur: fer caused by slag coatings; and Fz = an emissivity factor. 


naces,”’ 


RP-57-2. 


by H. F. Mullikin, Trans. A.S.M.E., vol. 57, 1935, The value of the factors for use in Equation [3] under various 


conditions are given by H. F. Mullikin® and not repeated here. 
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TABLE 5 DETERMINATION OF u-VALUES BY DIFFERENT METHODS 


2 39 40 41 42 43 44 45 46 47 
Heat to 
; furnace 
Heat surfaces 
absorbed based on Heat (high) 
by screen screen “BL based input per B Air-fuel Fuel-rhs B uw cal- 
boiler, boiler, on screen unit rhs® calculated rate R, rate Cr, calculated culated by 
106 Btu 10° Btu boiler 1000 Btu by Broido lb air per lb wet fuel by Orrok Wohlenberg 
Test per hr per hr evap per hr method lb fuel per unit rhs method method 
1-1 105 105 0.26 252 0.34 12.1 17.3 0.35 0.31 
Cee ee a ee a oe ees 
= r : 13.6 ul F 5 
2-1 52.1 78.8 0.41 154 0.41 13.3 11.2 0.38 0.36 
2-2 56.6 85.6 0.44 154 0.41 13.6 11.2 0.37 0.36 
2-3 58.7 88.7 0.46 150 0.41 12.1 10.9 0.40 0.40 
2-4 54.5 82.3 0.43 155 0.41 14.6 11.3 0.36 0.33 
2-5 61.7 93.2 0.48 154 0.41 13.6 11.2 0.38 0.36 
2-6 57.8 87.4 0.46 153 0.41 12.8 11.2 0.39 0.38 
2-7 56.0 84.7 0.44 154 0.41 13.8 11.2 0.37 0.35 
2-8 54.2 82.0 0.43 154 0.41 13.8 11.2 0.38 0.35 
2-9 56.0 84.6 0.44 153 0.41 12.9 11.2 0.38 0.38 
2-10 59.0 89.1 0.30 237 0.35 12.6 17.3 0.34 0.35 
2-11 64.3 97.1 0.34 230 0.36 11.5 16.8 0.36 0.38 
2-12 67.7 102 0.35 234 0.36 11.8 17.0 0.35 0.37 
2-13 75.5 114 0.39 234 0.36 12.0 17.0 0.35 0.36 
2-14 81.7 123 0.40 244 0.36 11.5 17.8 0.36 0.38 
2-15 84.5 128 0.43 240 0.36 12.3 17.5 0.34 0.36 
: 2-16 75.5 114 0.38 239 0.36 14.6 17.5 0.30 0.29 
) 2-17 79.5 120 0.41 233 0.35 12.6 17.0 0.33 0.35 
2-18 85.5 129 0.45 230 0.35 11.4 16.8 0.36 0.38 
2-19 65.4 98.8 0.28 287 HOG 12.9 20.8 0.30 0.31 
2-20 68.4 103 0.28 293 rod 12.8 21.4 0.30 0.30 
2-22 72.0 109 0.29 299 eae 12.5 21.8 0.31 0.31 
2-23 81.3 123 0.34 294 ere 11.9 21.4 0.32 0.33 
2-24 93.5 141 0.39 292 ats 10.8 21.3 0.34 0.33 
2-25 84.3 127 0.34 298 eke 12.7 pais 0.30 0.30 
2-26 90.3 136 0.36 299 sis 12,5 21.8 0.31 0.31 
2-27 95.7 144 0.39 295 ase 11.0 215 0.33 0.35 
3-8 49.4 83.0 0.44 183 0.38 13.2 13.3 0.37 0.33 
3-6 57.7 97.0 0.34 273 0.33 12.5 19.9 0.33 0.33 
3-13 63.7 107 0.28 364 Sete 13.3 26.6 0.28 0.28 
4-1 ae si mate 45.0 0.54 17.8 2.2 0.49 0.58 
4-2 49.2 0.54 19.9 2.4 0.46 0.50 
4-3 74.0 0.49 14.7 Sid 0.48 0.58 
4-4 80.2 0.48 16.6 4.0 0.45 0.52 
4-5 59.7 0.52 15.4 3.0 0.50 0.60 
4-6 61.6 0.52 18.6 3.0 0.45 0.50 
4-7 79.2 0.48 8.3 3.2 0.64 0.52 
4-8 84.5 0.48 13.0 3.4 0.53 0.39 
4-9 61.1 0.51 10.2 2.5 0.64 0.51 
4-10 61.6 0.51 13.8 2.4 0.55 0.42 
4-1] 48.2 0.53 10.0 2.0 0.65 0.54 
5-1 115 0.44 21.9 13.2 0.30 0.17 
5-2 230 0.35 18.9 26.2 0.22 0.17 
5-3 319 + ain 13.0 36.6 0.26 0.21 
6-1 47.6 0.54 9.9 4.4 0.58 0.39 
6-2 44.9 0.54 8.7 4.2 0.61 0.45 
6-3 43.0 0.55 7.6 4.0 0.65 0.51 
6-4 72.2 0.50 Tat 6.8 0.59 0.44 
6-5 70.0 0.50 6.8 6.6 0.62 0.47 
it 257 0.33 nl loa 12.5 0.42 0.31 
7-2 250 0.33 8.2 12.1 0.48 0.37 
7-3 249 0.34 6.9 12.0 0.53 0.40 
7-4 532 a 9.2 25.8 0.37 0.27 
7-5 523 Bish 8.2 25.4 0.40 0.28 
7-6 523 nic 6.9 25.4 0.43 0.31 
7-8 815 5 8 8.2 39.5 0.35 0.23 
7-9 845 ais os 7.3 41.0 0.37 0.25 
7-10 276 0.32 21.3 14.5 0.26 0.29 
7-11 480 aoe 19.5 25.2 0.22 0.27 
7-12 706 pat 20.7 Sine 0.18 0.21 
8-1 64.7 0.51 5.3 3.2 0.74 0.55 
8-2 68.7 0.50 6.9 3.4 0.68 0.51 
8-3 73.5 0.50 8.9 3.7 0.60 0.45 
8-4 141 0.42 5.5 7.0 0.65 0.43 
8-5 101 0.46 7.3 5.0 0.63 0.43 
8-10 145 0.42 5.5 7.3 0.65 0.42 
8-11 108 0.46 5.5 5.4 0.70 0.47 
8-12 158 0.41 5.5 7.9 0.64 0.42 
8-13 213 0.36 5.5 10.6 0.61 0.38 
9-6 150 0.41 14.0 9.8 0.39 0.32 
9-7 166 0.40 13.0 10.9 0.39 0.32 
9-14 86.0 0.48 17.0 5.6 0.40 0.29 
9-15 81.8 0.48 15.0 5.4 0.40 0.35 
9-16 158 0.47 16.7 10.3 0.40 0.25 
9-17 & 158 0.41 17.0 10.3 0.40 0.25 
9-18 194 0.38 15.0 12.7 0.33 0.26 
9-19 196 0.38 15.3 12.7 0.33 0.26 
10-12 238 0.36 11.5 15.2 0.37 0.37 
10-13 182 0.39 12.8 11.6 0.38 0.37 
10-14 E 120 0.45 14.5 7.6 0.41 0.39 
10-15 111 0.45 14.9 7.0 0.41 0.38 
10-16 105 0.46 18.0 6.5 0.37 0.29 
10-17 a 166 0.41 13.9 10.5 0.37 0.36 
10-18 168 0.41 14.9 10.5 0.36 0.33 
10-19 170 0.40 13.3 11.4 0.38 0.38 
10-20 ee 218 0.37 12.2 13.7 0.38 0.37 


® Pffective furnace radiant heating surface. 
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Equation [3] has been used, as shown in Table 4, to determine 
the effective radiant heating surface of the boilers enumerated in 
the A.S.M.E. Radiation-Committee report. It was deemed 
best to take Ff, equal to unity at the time the calculations were 
made although a value of 0.95 would perhaps have been prefer- 
able. 

Data taken from the literature for three additional boiler tests 
is also included. 


Cueck oF EXPERIMENTAL Data BY WATERWALL EVAPORATION 


Ordinarily the check of experimental data by waterwall 
evaporation is accomplished by segregation of a part of the 
furnace waterwalls or, as in the case of the first three units 
tested in the A.S.M.E. Radiation-Committee report,* by con- 
structing the waterwalls so as to have their own feed and steam 
drum, thus acting as a separate steam-generating unit. Some 
of the boilers of the Ford Motor Company at Fordson, Mich., 
are also constructed in this manner. There are several difficul- 
ties encountered in the use of this method. 

In the first place, results will depend upon the estimated rela- 
tive heat-absorption rates at different kinds of surfaces. These 
rates are needed to determine the values of the effective radiant 
heating surfaces. Two such values are involved. The first 
is the total effective radiant heating surface in the furnace 
and the second is that part of the surface for which the absorption 
was measured. The ratio of the first surface to the second is a 
factor used in the calculation. 

In the second place, certain boilers, as in the case of the first 
unit of the A.S.M.E. Radiation-Committee report,? are con- 
structed so that the furnace-exit slag screen is part of the water- 
wall boiler. Under these conditions some heat will be trans- 
ferred by convection through this slag screen into this waterwall 
boiler. 

It is difficult to allow for this heat transfer. In addition, some 
radiant heat will pass between these slag-screen tubes, be ab- 
sorbed by the boiler tubes proper and not be measured. In the 
calculation given in the present paper, these last two quantities of 
heat have been assumed equal, a very rough approximation. 


TABLE 6 DETERMINATION OF ut BY HEAT ABSORPTION 
OF PART OF FURNACE WALLS 


1 3 5 39 40 41 
Heat to 
Heat ab- furnace uL based 


Firing sorbed by based on on screen 
Name of and Fraction Boiler screen screen boiler 
boiler fuel cold evap boiler __ boiler evap 
-——10¢ Btu per hr-—— 
Cahokia Puly. coal 0.25 90 29.4 56.2 0.59 
Cahokia Pulv. coal 0.25 120 29.4 56.2 0.43 
Cahokia Pulv. coal 0.25 144 44.0 84.0 0.52 
-—1000 keal per hr-——~ 
Sweden Oil 0.92 727 727 727 0.68 
Sweden Oil 0.92 1257 1257 1257 0.66 
Sweden Oil 0.71 1036 1036 1036 0.61 
Sweden Pulv. coal 0.71 ugly 711 711 0.57 
Sweden Pulv. peat 0.92 713 713 713 0.61 
Sweden Wood pulp 0.92 446 446 446 51 
1000 Ib Boiler 
per hr evap, per cent 
Fordson Puly. coal 0.47 150 33 49 0.40 
Fordson Pulv. coal 0.47 300 22 33 0.27 
Fordson Pulv. coal 0.47 450 18 27 0.21 


TABLE7 INDICATED CALCULATIONS FOR ITEMS IN 
TABLE 52 


NGemre Oars cave csaa. svi ((heat of steam) — (heat of feedwater)] X item 6 
Tteny 408s ..007 {(rhs® in furnace)/(rhs in screen boiler)] X item 39 
[tem 40% iene wos (item 40 X item 25)/(item 33 X item 26) 

Lrg > eee item 33/rhs 

Ttemiras 17. Ghcvekeses Fig. 1 using item 42 

tenn 44s See ers calculated using item 20 

Ttoml'45 uate .item 42/item 25 

tem ‘460 o- aa Fig. 2 using items 44 and 45 

TtamivATs o} we isan Equation [2] and Figs. 3 to 11, inclusive. 


2 Items previous to item 39 will be found in Table 3 of the report ‘‘An 
Experimental Investigation of Heat Absorption in Boiler Furnaces.’’? 
b Effective furnace radiant heating surface. 
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The plane of the furnace exit (side of boiler tubes adjacent to 
furnace) is always an effective exposed furnace surface which 
cannot be segregated for radiant-heat measurement without in- 
ducing the problem of convection-heat transfer. 

With this in mind, calculations have been made for six boiler 
furnaces for which test data are available to show the heat ab- 
sorbed by a portion of the furnace surfaces. Three of these units 
are boilers Nos. 1, 2,and3 of the A.S.M.E. Radiation-Committee 
report’ for which the computations are given as items 39, 40 and 
41 of Table 5 and indicated in Table 7. Table 5 is, in effect, a 
continuation of Table 3 of the A.S.M.E. Radiation-Committee 
report. Tests were also available from the literature on boilers 
for which the construction data of the furnaces are given in 
Table 4. In this table, boiler No. 11 is a unit at Cahokia Sta- 
tion, St. Louis, Mo. (27); boiler No. 12 is a special test boiler 
at the Tekniska Hogskolan, Stockholm, Sweden (15, 16); and 
boiler No. 13 is a Fordson, Mich., unit (10, 19). The u-deter- 
minations, based on segregated furnace-wall surfaces for boilers 
Nos. 11, 12, and 13 are givenin Table 6. The full calculations 
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‘Calculated py, By Water-Wall Evaporation 
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GasTemperature se, Value 


Fic. 13 Comparison oF RESULTS BY MEASUREMENT OF 
WaTERWALL EVAPORATION 


have been omitted to save space. The u-values calculated in 
this manner for boilers Nos. 11, 12, and 13 are compared in Fig. 13 
with the values as determined by furnace-exit temperature in 
the A.S.M.E. Radiation-Committee report* for boilers Nos. 1, 2, 
and 3. Reliable u-values were not available for the units taken 
from the literature. The results check approximately. The u- 
values, calculated by means of the waterwall-boiler evapora- 
tion, are seen to vary somewhat with the flame length, as effected 
by changes in the primary and tertiary air pressures. Long 
flames produce a greater heat absorption in the screen boiler 
than short flames. This causes a variation in the resulting 4- 
determination. 

The gas-temperature y-values do not exhibit as much varia- 
tion. It is evident that the increased heat transfer of the surfaces 
of the waterwall boiler in the case of the long flame would have to 
be compensated for by decreased heat absorption in the fur- 
nace-exit surfaces in order that the gas-temperature y-values 
might remain nearly constant. 

The foregoing appears logical since long flames occupy more 
of the bottom portion of the furnace, thus causing increased radia- 
tion to the bottom tubes and decreased radiation to the top of 
the furnace. They also cause considerable convection-heat trans- 
fer to the bottom screen-boiler tubes. 
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QO. 
o BO/LER NO. & F/R/NG 


o7 Nat. Gas 
x8 Nat Gas 
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H4 Nat Gas 
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Fig. 16 Comparison or Resuits py Brorpo MEeTHoD FOR 
Borters Nos. 4, 7, anp 8% 


It is interesting to note that the values of u check as closely 
as they do, but since the method employing the evaporation of 
the waterwall boiler is limited to special cases, and the gas-tem- 
perature yu-values determined by the method of furnace heat 
balance are more accurate, those determined by the evaporation 
method appear'to be of no particular importance. 


Cuecx or Broo, ORROK, AND WOHLENBERG Mrruops 


In Table 5 are given calculations for the tests on the units for 
which data is given in the A.S.M.E. Radiation-Committee re- 
port.? Item 43 in the table gives the u-values obtained by the 
Broido method, item 46 the u-values obtained by the Orrok 
method, and item 47 the u-values obtained by the Wohlenberg 
method. 

The results obtained by these three methods are compared 
in Figs. 14 to 21, inclusive, to the gas-temperature u-values as 
given by A.S.M.E. Radiation-Committee report. The line 
marked “check line” in these figures shows where the points lie if 
the two values check each other. The boiler numbers given in the 
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Fig. 17 Comparison or Resutts By ORROoK METHOD FOR 
Borers Nos. 1, 5, 6, 9 AND 103 


various charts and tables correspond with those of the A.S.M.E. 
Radiation-Committee report.® 

It should be again emphasized that in any usage of the Wohlen- 
berg, Broido, or Orrok formulas, the results are dependent on the 
method of calculating the effective furnace radiant heating sur- 
face and that the surface calculated in a manner different from 
that used in this paper would yield different results. 

It will be noted that the Broido determinations are surprisingly 
close considering the fact that only a single curve is used in the 
method. 

The Orrok results are fairly representative except for the 
natural-gas tests for which the formula yields rather high values. 
The Orrok formula was probably not intended for natural-gas 
fuels. Further comment on these findings does not seem neces- 
sary, as the relative value of the methods, for the units for which 
tests are available, is quite apparent from the curves. 

In view of the foregoing results it appears on the surface as 
though the values for gas radiation given by Schack (59) and 
used in the Wohlenberg method are somewhat low. 
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This apparent discrepancy may, however, be due to the funda- 
mental assumption of the Wohlenberg method that the furnace- 
exit-gas temperature is also equal to the mean radiating furnace 
temperature. : 

The so-called straight Stefan-Boltzman law method has had so 
many different values given for the constants therein contained, 
and is in such a crude form as ordinarily used, that no determina- 
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tions have been made by this method for presentation in this re- 
port. While the Stefan-Boltzman law is used in the Wohlenberg 
derivation, it is only one of the factors used to obtain a solution, 
and therefore the method is not classified under the foregoing 
heading. An attack using the Stefan-Boltzman law is included 
in a paper by one of the present authors.® 
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An Experimental Investigation of Heat 


Absorption in Boiler Furnaces 


By W. J. WOHLENBERG,! NEW HAVEN, CONN., H. F. MULLIKIN,? NEW YORK, N. Y., 
W. H. ARMACOST,! NEW YORK, N. Y., ano C. W. GORDON,? CHICAGO, ILL. 


This paper is a report of the A.S.M.E. Committee on 
Absorption of Radiant Heat in Boiler Furnaces and in- 
cludes test data obtained on ten boilers in different power 
plants in the United States. It involves stoker-fired, pul- 
verized-fuel, and oil- and gas-fired units with various com- 
binations of refractory and water-cooled furnaces. The 
data include furnace-exit gas temperatures as measured 
by means of the high-velocity thermocouple. These 
temperatures are used to determine the fraction of heat 
input to the furnace that was absorbed in its walls. 


T THE time the committee! submitting this report was 
formed it was suggested that radiation tests on large 
commercial boiler furnaces be made to supplement work 

of a more fundamental nature which was being conducted by 
various agencies. As a result a fellowship, sponsored by the 


Superheater Company, was established under the joint direction ~ 


of Professor Wohlenberg of Yale University and Messrs. R. M. 
Gates, R. M. Osterman, and C. W. Gordon to study the problem 
and make such tests as might be necessary to put the subject on 
a more practical basis. H. F. Mullikin was appointed research 
fellow under this arrangement and had charge of the tests.® 
These tests were made on ten boilers in different power plants in 
the United States and involve stoker, pulverized-fuel, oil, and gas 
firing with various combinations of refractory and water-cooled 
furnaces. 

Before describing these tests in detail, it seems advisable to 
discuss briefly the more important papers which have appeared on 
the subject. It is not proposed to outline in detail the previous 
material printed on this subject but merely to refer to the works 
of past authors. 

Since the general adoption of the waterwall furnace for large 
steam-generating units beginning about 1924, many articles have 
been written offering various methods of obtaining a solution to 
the furnace heat-transfer problem. The majority of these have 
been technical, and are based on physical constants and laws, and 
on observed general conditions in furnaces. Several have been 
based on empirical test data. 

The principal objection to any type of solution based on theory 


1 Mem. A.S.M.E. 

2 Jun. A.S.M.E. 

3 Assoc-Mem. A.S.M.E. 

4 The Committee on Absorption of Radiant Heat in Boiler Fur- 
naces consists of W. J. Wohlenberg, Chairman, E. G. Bailey, R. M. 
Gates, C. W. Gordon, E. L. Lindseth, Geo. A. Orrok, R. J. S. Pigott, 
and John Van Brunt. 

5 This report abstracts in part a dissertation presented by Mr. 
Mullikin for the degree of Doctor of Philosophy at Yale University. 

Contributed by the Special Research Committee on Absorption of 
Radiant Heat in Boiler Furnaces for presentation at the Annual 
Meeting December 2 to 6, 1935, of THe AMERICAN SOCIETY OF 
MercuHanIcaL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until January 10, 1936, for publication at a later date. 

Norn: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


is that it is difficult to take into account a large number of design 
variables such as type of fuel; fineness of fuel; location and type 
of burners; location, type and surface of waterwalls and exposed 
boiler tubes; volume and shape of furnace; combustion charac- 
teristics of different fuels or of the same fuel under slightly differ- 
ent conditions; and such operating factors as slag on surfaces, 
flame length, draft, flame impingement, flame volume, excess air, 
method of air supply, and temperature of air. 

Because of the difficulties involved in making heat-transfer 
tests, very few of them have been made, and it is upon the data 
from this insufficient number of tests that most empirical methods 
for solving heat-transfer problems are based. Therefore, it is 
questionable as to what extent these results can be applied. The 
empirical formulas generally neglect most of the factors and de- 
pend only upon one or two of the principal variables. Very 
few of the methods have not been checked by any one other than 
the original investigator. 

With these facts in mind, attention is called in the bibliography 
to some of the more notable attacks on the problem. The list is 
not claimed to be complete but it is believed that most of the 
methods yielding fairly reasonable quantitative results are in- 
cluded. 

In 1925 Broido (7)§ presented a paper giving an excellent gen- 
eral discussion of the problem with a single curve to summarize 
several tests. Wohlenberg and various associates have presented 
numerous papers (1, 2, 3, 4, 5) containing an attack on the 
problem from a fundamental theoretical basis. Modified forms 
of this method, some of which are better adapted to practical 
application, are given by Haslam and Hottel (18, 60), and Miin- 
zinger (21, 41, 55). Even so, it is difficult to evaluate certain 
practical conditions in the process of solution. Orrok (20) has 
presented a formula empirically derived from Hudson (39). 
Wilson, Lobo, and Hottel (45) have adapted the Orrok equation in 
oil-still design. In most of these methods the Stefan-Boltzman 
law has been adapted. 

Others making use of the Stefan-Boltzman law are: Schack 
(6, 59), Roszak and Veron (23), Gerbel (40), Ritchie (42), Forss- 
blad (9), Seibert (48), and Miiller (46). Rosin and Fehling (47) 
have developed theoretical equations to give maximum furnace 
heat liberation rates. DeBaufre (17) has reported tests on sev- 
eral units and has used a furnace heat balance to correlate his 
results. Kuhn (14) and Friedrich (54) have reported tests similar 
to those of DeBaufre. 

A large number of tests have been run on boiler furnaces in 
which one or more tubes were isolated and the actual heat ab- 
sorbed was measured by water circulated through the tubes. 
Results have in most cases been reported, but no attempt was 
made to derive an equation or formula therefrom. A number of 
these tests have been reported by Broido and Orrok (7). Others 
may be found in some of the N.E.L.A. serials (27, 28, 29, 33), 
transactions of various societies (10, 25, 34, 36, 37) and other 
sources (19, 26). A number were reported in papers by Artsay 
(12) and Ramzin (22). 

6’ Numbers in parentheses correspond to similarly numbered 
references given in the bibliography at the end of the paper. 
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TABLE 1 GENERAL BOILER DESCRIPTION AND DATA 


data: 


Boner WUMiber i... on geccn seh eta se aoe ee 1 
Rated surface, sd: ft. cesses taney ee ee 24,600 
Type boilers: 55/02. alda us) eae aes eee Se 
Make boiler... : i565 a0sc5u pp ieee sa B&Wa 
Min steam rating, 1000 lb a Br erties ae ass 100 
Normal steam rating, 1000 lb per br....... = 225 
Max steam rating, 1000 lb perhr............ 340 
Date in service. . a Ghav a eestetenteves 1929 
Rated preheater surface, 8q fica eee a 26,930 
Make preheater... 7... 75 shies hs ce ete Big B&W 
Calc. furnace volume to exit, cu ft.. See 124,008 
Add. furnace volume above exit, cu ft cee soe 

Furnace: width, ft.2-%. 2,072 21rd a 26.270 
Make furnace. 20: cack vate ers terebe etree sy FLi 
Burners :perside: 2... eee: : 
No. sides: fired souds! spake dicate ees ees ort 
Type burnericits snes ne ee ee arp eee tans 
Make burners. . Bee Arie Peat are 
Primary air, %. . AY 
Secondary airs Gao cet ee eee 
Tertiary iain, Cows: saen tig ee ee eC shea 
EV PO BtOKO?. cic ac teeta « 5 -rues a ee e UFr 
Make 'stokera.ga.c .03 oe Se ee eae Taylor 
‘Ay6s ‘of Stoker, isSdditisi.s. mcr eebeiee eee 605 
Rletorts; stokery. 55. srsvcac see Meee eer aie 15 
Tuyeéres, stoker csi: 08 2 sects see aeaele 57 
Length, istoker: 2 5:5 .cjecistacys ected meteorite 19.2 


Coal data: 


Moisture, Sones ccc cet oe intents tee fate 
Volatile, he stew Bh rhe thas Shiaee Mikes che beh ote 
ete GALDONS.. Vag cistern te ate een CaS 
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INA We nce atta pe eon agora GC Abscue baa sE. 


Hydrogen, Gi Fin keane ihc oe ee 
Carboni %hia-0 ear de ie ta re a ee eee 
High heat. value, dry, Btu per Ib............ 
High heat. value, as fired, Btu per lb........ 
Through 200 mesh, 
Through 100 mesh, 
Through 50 mesh, 
Through 30 mesh, % 


+ om 
ee 
es) 
oO 

.—) 


Carbon, Gon ted Ae ee oe ee 
Hydrogen: 0p 5.ceac aa: ceteete oO enue eee 
Oxy ren, Worse eta chester eles Saleen cae 
Buliphur, Yon: saw 8 3s oon eee. 
Nitrogen, Wocaieesah aed one ae A 
Specific grat GOLP ya. tun ee cee eee tie ae 
High heat. value, as fired, Btu per lb........ 
Low heat. value, as fired, Btu per lb......... 
Flash point, Bus as caseee ma ae erent 


Natural-gas data . 


Bb ane, “Op ose cone ora cuttens eee ee eee ee 
Mothane, [ee teh ett ee ee 
Oxy gory %G 5 cots one canoe pede yee atee 
Carbon.dioxide, 061.252 eae ee 
Nitrogen 30. kk ee ae eee 
Specific gravity.nc-. chet ote ee ee 
veut, value at 30-in. hg, and 60 F, Btu per 


OU 16. si wics data to pistebio.s sree ate rate 


Calculated refractory surface: 


62 


Front:oruptake; sq Ltsyenseittiere tee 

Hach side;-5q:fti,..,<:vesetenee oe tescnia em ee ae 

Rear or downtake; saits 2.5.0 <a 150. ose ‘ 
Top, sq ft.. Ei ets NI Pant Perse sty OR res 
Bottom, sq ft dh FES Medic oes an 100 


Refractory-faced waterwall block: 


Front; GULtAc6, BO ft. 6a. aeet ce. eh ee ten 446 
Rront; amt slagzed,; oie te ea ariernie 75 
Front, slag thickness,an.. 0... ctert 0.75 
Hach side; surface; sq\it.c.ecece sere clo cenee tee 
Each side, amt slagged, %..............-.-- 

Each side, slag; thickness;30\.i-1.4- 0 ste etary: Aen 
POD; SUlLACe BG 1b... ok ce ee ee 170 
Top, amt slagged, YE RES CL Cn ne 75 
Top;slag thickness; 10; 0/7 «20% ree eens 0.75 
Bottom, surface, sq ft.. Seta te 
Bottom, amt slagged, %.. ious. «2 ee 
Bottom, slag thickness, in.................-- 


Bare-faced waterwall block: 


79 


Front surface, sq ft.... 
Front, amt slagged, %. 
Front, slag thickness, TES on caters tee mn 
wa side, puriace,8q £6 ..sctt. ach. dete ee 244 
ach side, amt slagged, OO ces alacs tL eee oes 20 
Bach side, slag thick, in... ...0..0..00.05s580 0.75 
Roar, eurtace, aq {t...-\. senda as en eee 278 
Rear, anit slagged, 7-57, 0... cee cee a omens 80 
Rear, slag:thick, Ini scy asa i.wr ara raes eee 0.75 
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16.00 
Cc 


*'100¢ 


5 
15,000 
Hxe 
CEf 
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TABLE 1 (Continued) 
Bare-tube waterwall: 
SsaoPront, diam tubeswiN. ec cweyercusress «= ss +s a ne 3.0 SnD 
89 Front, distance center to center, in........... a4 Ae é 3.5 105/s/2 
90) Front, total surface, 6q ft... iS nafs yee. <5 44 a : 407 417 
91 —Front, amt slagged, %.....5.2.....5.5.- : . 100 100 
92 Front, slag thickness, in............... ie ec ee Aa. 0.125 0.125 
93 ach side, diam tubes, in...........,....... 3.25 3.25 % 3.00 3.00 3.50 
94 Each side, distance center to center, in....... 6.00 9.00 a 10.25 3.50 8 5/2 
95 Each side, total surface, sq ft............... 290 227 cas 180 449 287 
96 Each side, amt slagged, %.................. 55 30 Le Sten 100 100 
97 Each side, slag thickness, in................. 0.75 0.75 ae Ni OV125 0.125 
98 Rear, diam tubes, in...................005. 3.25 se oe 3.09 3.09 3.50 
99 Rear, distance center to center, in........... 6.0 45 3 SeL25 3450 8 5/2 
100. ‘Rear; total surface, 64. £6. ia ¢0~ .< fes.- 5. ‘ 384 ~ eG 364 294 333 
TOV Rear, amt slagzed-%. cen, oe ee aah 50 ab in cee 100 100 
102 Rear, slag thickness, in...................-- 0.75 vr a 0.125 0.125 hy 
103— Bottom, diam Pubes, 10. coy. eae ee es = SLL 325 as 4.0 
104 Bottom, distance center to center, in......... m5 9.0 9.0 : 10.5 
105 Bottom, total surface, sq ft................. Fania 860 860 ve 945 
106° Bottom, amt'slagged, %..5-.- 50-6. - 20s es signer Hie ; 25 
107 Bottom, slag thickness; ins. ...2..... 0006556 0.25 
Fin-tube waterwall: 
LOSmCEroOLt, ism tubes) IP. jueana nim. oe ennda is decane a 4.0 4.0 
109 Front, distance center to center, in......... 2 Be 7.0 10.5 
1106 Front; total suriace, saifth. je iek 6. bien a a 486 555 
Piteeebront, amt slaczed, Coeecmen yeu se aelee a s ae a 25 
112) sFrontvslag thickness, in-.mine. sh vee ee a oe ie 0.25 
493-) Wach. side, diam: tubes) tRpeciio5 <uye so3 a oct > 3.0 4.0 4.0 
114 Each side, distance center to center, in....... 5.125 7.0 6.0 
115 Each side, total surface, sq ft............... 400 400 1447 
116 Each side, amt slagged, %.................- A —- 25 
117. Each side, slag thickness, in................- ae r 0.25 
PSs Roar, diam: tubes) iced eye cp tetas earns fe suetie at co 3.0 .0 4.0 
119 Rear, distance center to center, in........... 5.125 weO 10.5 
120), Rear, :totalisurface, sd iticn ence ie wee ecm 355 06 555 
Ole ear amt IAL COs oss eis nie acca ie 25 
122 Rear, slag thickness, in.............-....... me 0.25 
123 eehop diam: tubes isos ee tt yeicye na orice 4.0 
124 Top, distance center to center, in............ 10.5 
125, Wrop)itotalisurtace, Sd\ft-ecas eee =e 508 
T26clopwamt slagced. osc es rts t= 25 
127] Lop) slag thickness; in... 0.00.2. - 05+ se: 0.25 
Furnace exit: 
128 Furnace exit, diam tubes, in................. 3.25. 3.25 3.25 3.0 4.0 3.0 4.0 4.0 3.0 3.0 
129 Furnace exit, effective length, ft............. 15.00 17.75 waves 22.0 17.0 19.0 15.5 20.0 20.0 18.66 
130 Effective length of tubes, ft................. cae 20.00 20.0 eae seats ee hee Riis 5 me 29.0 
131 Furnace exit, effective width, ft............. 26.25 24.75 Seas 16.50 24.00 18.92 23.00 23.75 27.75 23.10 
132 Distance center to center, first row, in........ 12.0 Ye 6 3 14.0 10.625 16.25 7.0 10.75 16.0 
1S Se SecOndirow. LUCA ates eidisioiiarcisile bie lets sais ce are sgt Bg 8g pllu sg pll sg sg pll Bg 
134 Distance between first and second rows, in... 9.0 6.0 6.0 6.5 12.0 4.0 8.125 7.0 4.0 7.0 
135 Distance, center to center second row, in..... 12.0 6.0 6.0 6.0 14.0 10.625 16.25 7.0 10.75 16.0 
@ Stirling; Double Stirling; ¢° Horizontal cross-drum; ¢ Babcock & Wilcox; ¢ Walsh & Weidner; # Combustion Engineering; 9 Springfield;  Foster- 


Wheeler; i Ljiingstrom; j Fuller-Lehigh; * Superheater Company; 
air; r underfeed; s chain grate; ¢ staggered; u parallel. 


Bailey (24) has developed a method of measuring heat absorp- 
tion in furnaces having waterwalls covered with refractory fac- 
ings. Schack has suggested the use of the radiation pyrometer 
for such measurements (6, 13). Koessler has used the thermopile 
(32). Croft and Schmarje (56) have used an absorption calo- 
rimeter to measure incident radiation to the walls of a furnace. 

In Sweden, Lindmark and his associates have reported results 
(15, 16, 43) of tests involving the use of oil and pulverized fuel 
in an experimental furnace. In this country Sherman has pub- 
lished (51, 52, 53) considerable material on an experimental 
installation burning pulverized coal and gas. Brown advanced 
an empirical curve (8) which Marshall has discussed (44). Bot- 
tomley has presented a paper (49) based on data reported by 
Orrok. ; 

Sherman has reported data on furnaces (31) taken during the 
course of an investigation on refractories. Artsay has presented 
two papers (11, 12) giving an analysis based on hydraulic simili- 
tude. Data on gas radiation have been reported by numerous 
investigators who will not be mentioned here. 


Meruops For DETERMINING RapIANT-HEatT ABSORPTION 


Consideration of the previously described articles and papers 
reveals that five principal methods have been used in attempts to 
determine radiant-heat absorption in boiler furnaces. They are 
(a) determination of the actual evaporation in one or more tubes 
exposed to radiant heat, (b) use of physical methods such as the 
thermopile or radiation calorimeter, (c) the establishment of a 
temperature gradient through conducting material (only appli- 
cable to refractory-faced blocks), (d) a determination of the 
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furnace temperature and subtraction of the heat leaving the 
furnace in the gases from the heat input to the furnace, and (e) 
the use of known physical data such as the Stefan-Boltzman law, 
and values of gas radiation. 

The first four of these methods are empirical whereas the last is 
primarily a theoretical attack. Obviously the ideal procedure 
would be to develop first an attack which would give theoretical 
formulas to cover all cases and conditions, and then second to 
determine with the aid of data supplied from tests, the values of 
constants which appear in the theoretical formulas. 

Unfortunately, the data given in the literature for each indi- 
vidual test usually are so meager that it is impossible to coordi- 
nate data from various sources in order to show the effect of such 
dimensions as furnace volume, and radiant heating surface. 
Thus, the committee submitting this report decided to conduct 
tests on a number of existing furnaces in order to obtain data 
which could be used as a reference for checking theoretical or 
empirical formulas. 

The first of the four previously mentioned practical methods 
for determining radiant-heat absorption (segregating portions of 
the waterwall) is not ordinarily feasible in the case of the usual 
boiler furnace because of the expense and time involved. There 
are perhaps half a dozen boiler installations in the United States 
where the waterwall circulation is in some manner separated 
entirely from the boiler proper. Tests on three of these installa- 
tions are given in this paper. Another notable example is the 
boiler installation at the Ford Motor Co., Fordson, Michigan, 
(10, 19), in which the side-wall tubes constitute an entirely sepa- 
rate boiler. Even here the top tubes of the furnace and the lower 
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boiler-tube row belong to the boiler proper and hence their heat 
absorption cannot be experimentally determined in this manner. 

During the preliminary work on tests conducted by the com- 
mittee, attempts were made to use a radiation calorimeter or 
“thermaprobe”’ as it has been termed. It was made of a flat- 
faced hollow steel block through which water was circulated. 
The heat absorbed by the circulating water was found by measur- 
ing its weight per unit of time, and its initial and final tempera- 
ture. This method was discarded as being unsatisfactory. The 
objections are: (1) Limitation as to number and location of open- 
ings which may be made in the furnace walls, (2) difficulty in con- 
trolling the water flow at a constant value, (3) difficulty of oper- 


Fic. 1 Unperrerp’Sroxer-Firep Borner Wit WATBRWALLS ON 
AutfFour Sings AnD SEPARATE WATERWALL Borter CrrcULATION 


TABLE 2+ DATA FROM seo ee TEST ON UNIT SHOWN IN 
pel 


Boiler evap, Temperatures, deg F-. 


lb per hr Point A Point N- Point M oint C2 Point Cb 
115,000 2455 2125 2150 1940 1985 
215,000 2920 2525 2630 ar 2215 
300,000 2780 2810 2810 2490 2505 


2 North side of boiler. 
b South side of boiler. 
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ating more than one thermaprobe at the same time, (4) lag in 
responsivity during time intervals in which furnace conditions 
change, (5) difficulty in obtaining the same amount of slag on the 
thermaprobe that existed on the furnace tubes, or of allowing for 
it by correction and (6) possibility of considerable error due to 
peculiar local conditions. 

The third method for determining radiant-heat absorption 
given by Bailey (24), is not applicable to bare-tube or fin-tube 
construction. 

It appeared that the fourth method, which involves measuring 
the furnace-outlet gas temperature and setting up a furnace heat 
balance along the lines suggested by Kuhn (14) and DeBaufre 
(17), furnishes the most feasible method for determining heat 
transfer in boiler furnaces. The difference between the test 
procedures given by Kuhn and DeBaufre lay in the method of 
measuring gas temperatures. Kuhn used a high-velocity thermo- 
couple, which is at present generally conceded to be the most 
accurate method of temperature measurement. DeBaufre, it is 
understood, used ordinary bare thermocouples. 


Test APPARATUS 


The high-velocity thermocouple used in making the tests dis- 
cussed in this report is shown in Fig. 11. The instrument con- 
sists of a water-cooled brass tube which can be inserted into the 
gas stream, the usual distance being 92 in. minus the wall thick- 
ness. The gases are aspirated past the hot junction of the 
thermocouple at a very high velocity by means of the air ejector. 
This increases the heat transfer from the gas to the thermo- 
couple, thereby causing the thermocouple to read close to the true 
gas temperature. A more complete theory and description has 
been given elsewhere (18). 

For some of the tests a radiation pyrometer was available which 
was used to take readings, where possible, for use according to 
Schack’s (6) or Koessler’s (82) method. These readings were 
later discarded, as early experiments showed that only indefinable 
mean results could be obtained by use of the radiation pyrometer. 
However, they did show that under certain conditions the emis- 
sivity of the furnaces, as indicated by a comparison of the high- 
velocity thermocouple and radiation-pyrometer determinations, 
may approach close to the value of unity. 


DESCRIPTION OF THE BoILERS USED IN THE TESTS 


Tn choosing boilers for test purposes, the committee endeavored 
to select representative boilers of various types burning various 
fuels in different manners. The following boilers were selected 
for testing: 

1 Semivertical underfeed stoker-fired boiler, Fig.1, with water- 
walls on all four sides and 24,600 sq ft of heating surface. 

2 Double-ended pulverized-coal-fired boiler, Fig. 2, with water- 
walls on two sides, a slag screen on the bottom, and 27,548 sq ft of 
heating surface. 

3 Double-ended pulverized-coal-fired boiler, Fig. 3, with a 
slag screen on the bottom and 27,548 sq ft of heating surface. 

4 Semivertical combination gas- and oil-fired boiler, Fig. 4, 
with water walls on four sides and 10,830 sq ft of heating surface. 

5 Horizontal cross-drum boiler, Fig. 5, with waterwalls on 
two sides, 15,000 sq ft of heating surface, and equipped with a 
chain-grate stoker. 

6 Horizontal cross-drum boiler, Fig. 6, water cooled on four 
sides and the bottom. This boiler has 10,760 sq ft of heating 
surface and burns pulverized fuel. 

7 Horizontal cross-drum combination gas- and oil-fired 
boiler, Fig. 7, with a refractory furnace and 15,150 sq ft of heating 
surface. 

8 Horizontal cross-drum gas-fired boiler, Fig. 8, with water- 
walls on four sides and 15,930 sq ft of heating surface. 
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9 Horizontal cross-drum boiler, Fig. 9, with waterwalls on 
four sides and 22,900 sq ft of heating surface. This boiler is 
equipped with an underfeed stoker. 

10 Double-ended boiler, Fig. 10, with waterwalls on all sides 
and 60,706 sq ft of heating surface. This unit burns pulverized 
fuel. 

Thus, data in this report include those from tests on three 
stoker-fired boilers, three gas-fired boilers, two oil-fired boilers, 
and four pulverized-coal-fired boilers. 

A detailed description of these boilers is given in Table 1. 
This table also includes the various carefully measured exposed 
radiant surfaces, as well as construction and firing data. A 
considerable amount of data are given in order to furnish com- 
plete information concerning the tests, as it is not known exactly 
what factors influence the results obtained. 

The surface areas given in Table 1 are overall values measured 
on the particular furnace walls taken as planes. The proximate 
analyses given are usually based on the fuel used during the tests. 
It was not always possible to take an ultimate analysis, and there- 
fore, in some cases the values for the ultimate analyses are for the 
average station fuel rather than the specific values for the coal 
used during the tests. An estimate of the slag on the actual 
waterwall surfaces has been made. It was impossible to judge 
flame volumes to any degree of accuracy. 


PRELIMINARY TESTS 


Since the temperature measured at the furnace outlet (denoted 
by M in the figures) was the most important determination of the 
tests it is advisable to note some of the preliminary work. 

During the tests on the first unit, Fig. 1, it was decided to 
measure temperatures by high-velocity thermocouples on one side 
of the boiler at points A, M, N, and C, and on the other side of the 
boiler at point C. Some of the data obtained at these points on 
the boiler shown in Fig. 1 are given in Table 2. 

The temperature differences at C between the two sides of the 
boiler are less than 50 F at low loads and less than 20 F at high 
loads. The high-velocity thermocouples could be inserted up to 
a maximum distance of 7 ft into the boiler pass. Since this boiler, 
Fig. 1, is 24 ft wide, this left a space of 12 ft in the middle (less in 
the other boilers) which could not be reached by the high-velocity 
thermocouples. However, it was noted early and confirmed 
repeatedly that the gas temperature within reach of the tip of the 
high-velocity thermocouple showed no discernible temperature 
gradient to within 20 in. of the wall. On this account it is be- 
lieved that the temperatures in the middle of the furnace width 
are not appreciably higher than at a point 6 or 7 ft from the wall. 

Moreover, the furnace-gas temperatures are subject to minute- 
to-minute variations in the neighborhood of 100 F in most of the 
boilers tested, especially in the stoker-fired units. 

Thus, it would seem that one reading on one side of the furnace 
width, while not as desirable as an average of temperatures taken 
across the pass and weighted according to mass flow, is neverthe- 
less, over a period of time quite indicative of the average furnace- 
exit temperature within the accuracy of the other factors govern- 
ing the tests. 

The maximum error caused by this procedure of measuring 
temperatures will obtain at low loads where stratification of gas is 
more apt to occur. At high loads the gases will fill the furnace 
more uniformly and will promote temperature conditions which 
are more nearly uniform. Likewise, the furnace temperatures 
will be higher and since radiation is roughly proportional to the 
fourth power of the temperature, this radiation will also tend to 
equalize gas temperatures in various parts of the furnace cavity. 
This last statement is confirmed by the data of Table 2 where it 
will be seen that the temperatures at A, N, and M are in close 
agreement at the high load. Possibly it might be considered 
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that high-load tests yield more accurate results than tests at 
lower loads. 

It is possible that the temperature gradient frequently ob- 
served across boiler passes in the neighborhood of the super- 
heater is more pronounced than in the hotter zones. This is due 
to unequal convection-heat absorption and the fact that radiation 
is insufficient to permit temperature equalization. 


DEscRIPTION OF TESTS AND TEst Data 


The boilers tested are shown in Figs. 1 to 10, inclusive, and are 
numbered from 1 to 10, respectively, in the tables. The furnace- 
exit temperature is taken at the point M as shown in the figures. 
This point was, whenever possible, chosen so as to be in the main 
gas stream approximately 1 ft underneath the boiler tubes at the 
furnace exit and about 6 ft toward the center of the furnace, 
measured from the inside furnace wall. Measurements were 
taken on one side of the furnace. The steam flows were measured 
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by flowmeters which were usually ‘“water-columned” before the 
tests. The flowmeter readings are believed to be within 5 per 
cent of the true values, which is within the accuracy desired. 
Flowmeter corrections due to pressure and temperature were not 
made as they were small. The boiler-outlet temperatures were 
averages determined by a number of bare thermocouples or by 
calibrated recorders. Steam pressures were obtained by checked 
station gages. Feedwater and steam temperatures were ob- 
tained by thermometers or thermocouples. 

Various auxiliary data which may be of interest were also 
included. The gas analysis is an average for samples taken 
across the top of the first pass or at the boiler outlet as noted in 
item 16 of Table 3. 

The thermoelements of the high-velocity thermocouples were 
calibrated before a number of the tests and were always found to 
be within 10 F of their original calibration. The gas tempera- 
tures within the furnace, within the reach of the end of a high- 
velocity thermocouple located at any opening, were nearly always 
found to be constant at all points up to within about 2 ft of the 
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inside wall of the furnace for any of the tests, neglecting momen- 
tary total furnace-temperature variations of as much as 100 F. 

A number of the readings of the high-velocity thermocouple 
were taken in various portions of the furnace and in the boiler 
passes but, as this paper is confined to the calculation of furnace 
radiation, they have not been included. 

The furnace-temperature readings are usually averages of 
separate readings taken 10 minutes apart, the high-velocity 
thermocouple being removed between readings to avoid slagging 
difficulties. Duration of tests varied from 30 minutes to 31/2 
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hours according to conditions governing boiler operation at the 
individual power plants. 

The percentage of moisture in the steam entering the super- 
heater was measured in almost all of the tests and was found to be 
Jess than 0.5 per cent. 

The data of a number of specific tests are given in Table 3 in 
some detail. Due to space limitations a large number of the less 
important tests are not included. 

The first boiler which was tested is fired by an underfeed stoker 
and has a separate screen or waterwall boiler. The greater 
portion of the front wall is covered with refractory block. The 
other walls are covered with bare-faced blocks in the lower part 
and bare tubes in the upper part of the furnace. 

The furnace water-walls, constituting the screen boiler, have a 
separate drum, the steam from this drum mixing with the steam 
from the boiler proper before entering the convection super- 
heater. 

Flames passing up into the boiler as far as the superheater 
indicated somewhat delayed combustion. An attempt was made 
to take gas analyses at points in the furnace in order to estimate 
the amount of this delayed combustion. Results obtained were 
extremely erratic, carbon monoxide in the middle of the furnace 
ranging anywhere from zero to 10 per cent. An analysis for 
hydrogen was not made. After numerous trials this gas sampling 
was given up as being too difficult for practical accomplishment 
because the time required to obtain representative samples would 
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be longer than the boiler could be held at the given condition. 
This matter of delayed combustion was found to be characteristic 
of stoker-fired furnaces. No such extreme condition was evident 
in the furnaces fired by fuel in suspension. 

Due to the difficulty encountered in the testing, tests were run 
only at high, medium, and low loads, the actual time of the tests 
being but a few minutes although sufficient time was allowed 
between tests to obtain fairly steady conditions. 

The second boiler tested, although fired by pulverized coal, 
was similar to the first in that the bottom sereen and side-wall 
tubes constituted an entirely separate boiler as may be seen by 
reference to Fig. 2. In this type of firing, the fuel is conveyed 
from the burners by a small amount of primary air. Secondary 
air is drawn in through ports in the side wall adjacent to the burn- 
ers, located in this case, among the side-wall tubes. In order to 
assure a sufficiently long flame at the higher combustion rates, a 
small amount of preheated forced-draft air is introduced under 
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pressure at the burners. Because of this, the length of the flame 
is a function of both the primary and forced-draft air pressures. 
Due to the operating and control conditions on this boiler it 
was feasible to make more extensive tests than were made on the 
first boiler. On this account each test was repeated for three 
excess-air values in order to determine the resulting effect. 
Included in the first group of tests are results for three loads 
at three flame lengths and three excess-air values each, thus mak- 
ing a total of 27 tests. These tests were run half an hour apart, 
two readings being taken for each test. Gas analyses were also 
taken in the furnace during these tests. Although no carbon 
monoxide could be found, the gas-analysis results were so varied 


RESEARCH 


that they were discarded and reliance was again placed on boiler- 
outlet gas-analysis values. 

It should be noted that the terms “short flame,” “normal 
flame,”’ and “long flame”’ are only relative and do not have ex- 
actly the same magnitude for different tests. 

As some of the results obtained in this first group of tests did 
not agree, it was thought that perhaps the duration of the tests 
was too short. It was then decided to run a second series of 
tests during which readings were taken every 10 or 15 minutes 
for a test period of 3 hours. 

Comparison of the data obtained from this series of tests with 
the test data from boiler No. 1, showed that, in spite of the addi- 
tional length of the tests, the results were not much better, and 
therefore the data have been omitted. The reason for this is 
probably the fact that the increased accuracy of the readings due 
to the longer time of the tests, is more than balanced by changed 
furnace conditions. Hence no more long-time tests were at- 
tempted on this boiler. 

During the previous tests the side-wall tubes were covered with 
a certain amount of slag, the 2-in. space between the tubes and 
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the wall being completely filled with slag. In order to ascertain 
the effect of this slag on the screen-boiler evaporation, the boiler 
was taken off the line, the slag removed, and the tubes wire- 
brushed. Tests 2-8C, 2-14C, and 2-23C, were made under 
these new conditions. 

The third boiler tested, Fig. 3, is exactly similar to boiler No. 2 
except that there are no side-wall tubes and the superheater and 
baffling, with which we are not concerned, are slightly different. 
Comments applying to the boiler No. 2 apply also to boiler No. 3. 
Fewer tests were run on this boiler. From among the first group 
of tests, 3-8, 3-6, and 3-13 are given for three steam ratings. 

As was done in the case of boiler No. 2, a second series of tests 
was run using longer test periods. The results were susceptible 
to the same conclusion as was arrived at in the case of the boiler 
No. 2, and are likewise omitted. 
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The fourth boiler tested was the oil- and gas-fired unit shown in 
Fig. 4. Oil was the fuel ordinarily used, natural gas being used 
as a stand-by fuel. The gases within the furnace were almost 
transparent. Due to operating conditions, a high load could not 
be carried on this boiler. Tests were made at three loads with 
two excess-air values each, for both oil- and gas-firing, except 
that test 4-12, which would have been with a high per cent air, 
was omitted. Duration of tests was approximately 1 hour. 
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The fifth boiler tested, shown in Fig. 5, was fired by a chain- 
grate stoker having two overhung combustion arches. The tests 
on this boiler were not as satisfactory as on the other boilers. 
Delayed combustion was again evident. Combustion was uneven 
on the grate and excess air was high. Instead of measuring the 
furnace-exit temperature just under the boiler tubes it was neces- 
sary to measure this temperature in the middle of the furnace as 
no other opening was available or could be made. It was not 
possible to vary the excess air, hence only three short tests were 
made at three boiler evaporations. These tests should not be 
considered as reliable as the other tests. . 

The sixth boiler tested, shown in Fig. 6, was an almost com- 
pletely water-cooled furnace, burning pulverized coal and fired 
by two turbulent burners in the front wall. Due to temporary 
difficulty with the induced-draft fan, a high load could not be 
carried on the boiler. Similarly, a high excess-air medium load 
could not be carried. Hence, but five tests were run; three at 
different excess-air values at low load and two at different excess- 
air values at medium load. Duration of tests was from 1 to 2 
hours. 

The seventh boiler tested was the refractory-furnace gas- and 
oil-fired boiler shown in Fig. 7. Tests were made at three loads, 
when burning natural gas, operating with three excess-air values 
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at each load except for the higher load where one test was 
omitted. Duration of tests was approximately half an hour 
with considerable time between tests. 

The tests using oil (7-10, 7-11, and 7-12) were made at three 
boiler loads and were of limited duration because of the desire not 
to use oil, inasmuch as it was only an emergency or stand-by fuel. 
The furnace gases were transparent at all ratings. 

The eighth boiler tested was the water-cooled natural-gas- 
fired boiler shown in Fig. 8. There was no provision for oil firing. 
Due to trouble in the turbine room, it was difficult to put high 
evaporative loads on this boiler. Tests 8-1 to 8-5 were run with 
low and medium loads and various air values. Tests 8-10, 8-11 
and 8-12 were run at a medium boiler evaporation with different 
feedwater temperatures. Test 8-13 represents the one high-load 
test that wasrun. The furnace gases were perfectly transparent 
at allratings. Each test required about 1 hour. 

The ninth boiler was the underfeed-stoker-fired boiler with 
bare-tube waterwalls shown in Fig. 9. Tests 9-6 and 9-7 show 
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the effect of varying the feedwater temperature while holding the 
boiler at a constant output. Tests 9-6 and 9-7 were made on the 
boiler just before it was taken off the line for repairs. The tubes 
were dirty and the grates burned. Tests 9-14 to 9-19 were made 
after the grates had been reconditioned, the boiler having been in 
operation two days in order to obtain representative conditions. 
These tests were made at three evaporative ratings with two 
values of excess air each and each test lasted one-half hour. 

The tenth boiler test was made on the large double-ended 
pulverized-coal-fired boiler shown in Fig. 10. This was the only 
boiler furnace in which any attempt was made to keep the side 
waterwall tubes clean during normal operation. The tubes 
were dusted twice daily by means of a compressed-air lance 
through four openings in each side wall, thus tending to retard 
slag formation on a portion of the waterwall surface. 

Tests 10-12, 10-13, and 10-14 were run at three boiler loads 
with a low feedwater temperature. The feedwater temperature 
was increased and tests 10-15 to 10-20 followed at three loads 
with various excess-air values at each load. Each of these tests 
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were of 15-minutes duration. The data of a series of longer 
tests lasting perhaps three hours were discarded as being incon- 
sistent, undoubtedly because boiler conditions change from day 
to day. 


DISCUSSION OF THE TESTS 


Several important points may be noted by examining the data 
obtained. Unless all of the tests are run in one day it is difficult 
to reconcile the data taken on two different days because of 
varying furnace conditions which are not a function of the opera- 
tion of the boiler control instruments. In regard to future tests, 
it is believed that the influence of excess air has been amply 
demonstrated. Also, except for extremely accurate work, the 
importance of flame length in regard to furnace-exit temperature 
appears to be insufficient to warrant extended tests to show its 
effect. 

As the object of these tests was to determine actual results 
which might be checked against theoretical calculations and 
existing formulas, it was advisable to determine values of the 
ratio of heat absorbed by radiation to the heat input to the fur- 
nace. These calculations are included in Table 3. The method 
of making the calculation is outlined in Table 4. 

In calculations it is necessary to distinguish between the 
amount of excess air in the furnace and the amount at the boiler 
outlet. Using data obtained from a considerable number of 
tests, an average value of 7 per cent air leakage between the top 
of the first pass and the boiler outlet has been assumed. For 
calculation purposes the percentage of air at the top of the first 
pass has been assumed to be the same as that in the furnace. 
The percentages of air used as given in items 20 or 21 in Table 3, 
were obtained from calculated CO: curves for the fuels in ques- 
tion. 

In order to determine the heat in the gases at the boiler outlet 
and at the furnace exit it was necessary to plot heat-capacity 
curves for the different fuels burned. A sample curve is given in 
Fig. 12. These curves are based on the. values for the specific 
heat of gases recommended by Goodenough (58). Eastman’s 
specific heats (57) are perhaps to be preferred and would result 
in an increase of about 2 per cent in the sensible heats. This 
difference in sensible-heat values affects the y-values less than 2 
per cent. 

The initial temperature of the air, as well as the temperature 
at which the fuel is assumed to enter the furnace, has been taken 
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as 80 F. The calculations are made as if the fuel entered the 
furnace at this temperature, the heat derived from combustion 
plus any preheat in the air being used to raise the products of 
combustion from 80 F to the actual furnace temperature. The 


sensible heat in the gases at any temperature therefore contains, 
not only any heat added by combustion, but also the heat in the 
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gases at 80 F, ie., the heat-ca- 
pacity curves are based upon 0 
F abs. 

The heat in the preheated air 
and the latent-heat losses have 
been calculated by conventional 
methods. The moisture is from 
(a) moisture in the air, (6) mois- 
ture in the coal, and (c) moisture 
resulting from the combustion 
of hydrogen and hydrocarbons 
in the fuel. The first does not 
occasion a latent-heat loss. 
The latter two require heat from 


i the coal to vaporize the moisture. 
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heat-capacity curves. Since the 
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TABLE 3 DATA OF. TESTS INCLUDING FURNACE-EXIT 


6 7 8 9 10 1l 12 13 14 15 16 17 18 
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oe aiid & ss 
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gh mB m oe fm Fe g cs ee ee 
oe Saas) 255 a: 5 5 ~. E = $ a Oo ue) 
B Gf 22 if gf f de ae 2 HOE 
Nes) oS 35 Bo os 2 aos ss ® a % a6 cs] Z 
Si se Ors AG 38 s ie pe + gg aie | FI 
s- $8 nO deh FS gs BH as g 94 a6 3 2 
So Re ae ¢& Ba ga Pee) Mage cit cue coe ies > 
° ie) io} {24 ° eet Ca s Ld 
<3 g 8 22) cS 23 sek Seliemeee KOS 5 
124 2800 788 413 380 688 3.9 ase 362 outlet 15.0 es 
98 2575 688 412 372 683 2.9 Any? 325 outlet 12.6 =a 
55 2140 568 415 350 654 0.5 ne Lee 310 outlet 13.5 1s 
58 2150 560 395 335 715 0.1 6.0 65 435 outlet 13.1 6.0 
63 2150 555 393 335 707 0.1 4.0 66 428 outlet 12.8 6.2 
65 2155 550 398 330 5 Out 4.0 63 deus outlet 14.5 4.4 
60 1970 550 390 325 710 1.4 4.0 63 Pate outlet 12.0 6.5 
68 2080 550 388 325 710 0.4 6.0 69 nas outlet 12.8 6.1 
64 2100 550 397 330 703 0.1 4.0 69 SHE outlet 13.5 5.2 
62 2035 550 397 330 710 0.4 9.0 69 oe outlet 12.7 6.2 
60 2005 550 394 330 710 0.1 8.0 69 423 outlet 12.7 6.3 
62 2100 550 396 330 703 0.1 (GAD 73 435 outlet 13.4 5.5 
66 2390 610 393 340 750 0.1 5.0 74 475 outlet 13.8 5.2 
of 2435 610 395 340 745 0.1 5.0 74 480 outlet 15.1 3.7 
75 2460 600 405 330 738 0.1 5.0 74 460 outlet 14.7 4.3 
84 2310 606 410 335 735 1.4 11.0 69 490 outlet 14.5 4.5 
90 2325 590 385 325 723 1.4 9.0 67 424 outlet 15.2 3.5 
93 2350 580 391 325 723 0.7 7.0 70 447 outlet 14.1 4.5 
84 2175 570 380 335 732 2.6 13.0 72 418 outlet 12.0 6.8 
88 2275 570 405 330 720 2.5 14.0 73 400 outlet 13.8 5.1 
94 2245 560 391 325 720 2.0 12.0 73 410 outlet 15.3 3.5 
75 2485 630 387 360 763 OFT 9.0 75 490 outlet 13.5 5.7 
78 2525 620 390 355 767 0.2 9.0 76 495 outlet 13.6 5.4 
82 2390 630 394 355 762 1.4 9.0 “teh, 482 outlet 13.9 5.0 
92 2425 615 392 350 752 1.4 9.0 EE 442 outlet 14.6 4.3 
104 2480 600 398 325 747 1.4 9.0 78 435 outlet 16.0 2.9 
95 2350 615 402 345 750 3.0 11.0 78 448 outlet 13.7 5.3 
101 2305 610 390 340 744 2.7 11.0 ih 422 outlet 14.0 5.0 
106 2360 600 398 330 737 2.8 11.0 78 418 outlet 15.7 3.1 
70.4 2000 528 Ok 8.8 88 Aric clixt Bo ae 
100.0 2265 576 LO 8.5 86 ee 
113.0 2375 630 1.4 10.0 82 Rysie rae or oh 
53.7 2170 520 400 315 691 0.1 5.0 74 rior first 13.9 5.1 
71.0 2320 570 407 330 687 0.8 11.0 72 anes first 14.7 4.1 
70.5 2360 645 411 350 726 Le? 12.5 74 ac first 13.8 5.2 
1600 575 440 274 632 sete sad 105 500 outlet 12.0 6.3 
1600 585 440 276 640 oe ne 105 510 outlet 10.8 AACA 
1880 630 445 270 657 vers ~ 97 535 outlet 14.1 3.3 
1985 665 445 270 680 Boo aca 97 557 outlet 12.8 4.1 
1610 595 440 270 618 Rn: eee 97 514 outlet 13.8 4.0 
1615 632 440 270 637 omar er, 97 530 outlet 11.5 7.0 
1910 638 442 274 670 Tate PNG 100 545 outlet Ord 4.0 
1930 680 442 274 684 os fee 100 573 outlet 7.4 8.3 
1785 598 445 274 650 wee 6 ae 100 531 outlet Sed 5.7 
1780 622 445 276 670 ae ee 100 540 outlet 7.4 7.9 
1730 575 440 276 650 5c a 100 513 outlet 8.8 6.5 
1905 420 380 295 662 eRe Ns 113 230 outlet 9.0 10.2 
2325 554 380 315 rave EG atts 110 275 outlet 9.8 9.5 
2415 625 390 320 742 marke mre 109 302 outlet 12.4 6.5 
1790 557 456 217 577 2.17 0.75 67 405 outlet 12.4 8 
1885 540 456 216 565 15.0 0.60 62 412 outlet 14.0 sds 
1845 526 456 216 556 10.0 0.13 62 416 outlet 15.8 ee 
1885 610 463 218 587 6.5 0.80 79 430 outlet 15.6 Se.8 
1910 575 463 221 559 4.1 0.75 79 403 outlet 17.2 +3 
2175 500 360 233 678 5.0 ree 96 96 first Yhpis) ba 
2205 490 359 230 664 5.3 ae 96 96 first 9.1 aa 
2255 490 360 233 651 5.2 ar 96 96 first 9.9 a 
2400 600 363 234 725 4.0 ang 102 102 first 8.6 fe 
2430 590 365 243 720 4.0 bees 94 94 first 9.1 ae 
2490 580 364 242 715 4.4 wor 94 94 first 9.9 a fae 
2640 710 367 230 750 7.0 ae 101 101 first 9.1 ae 
2700 710 367 238 750 6.5 mia 101 101 first 9.6 ae 
2190 505 363 232 682 7.2 Peet 87 87 first 10.6 dst 
2410 615 366 233 712 6.8 oe 87 87 first 11.5 a 
2475 680 368 227 739 7.8 Pe 87 87 first 10.9 nets 
1970 495 395 284 637 oe ss 67 67 first 10.7 1.5 
1955 510 397 285 652 , nae 67 67 first 9.7 3.4 
2010 625 399 286 669 * Sf 68 68 first 8.7 5.2 
2095 630 407 289 710 ae rte 69 69 first 10.6 n Mot?) 
1920 646 407 289 740 F vee 69 69 first 9.4 4.2 
2060 630 407 302 708 o a 69 69 first 10.6 1.9 
2345 640 405 246 740 : eis 69 69 first 10.6 1.8 
2335 640 404 218 750 re oan 69 69 first 10.6 1.8 
2315 714 407 309 740 a es 69 69 first 10.6 2.3 
2330 557 383 336 698 3.9 aes oe 404 first 14.0 5.4 
2310 551 383 221 721 4.5 wan 403 first 15.0 3.1 
2005 472 377 332 747 2.0 Aen 336 first 11.5 gh 
1920 462 375 331 713 9) A a 328 first 13.0 6.0 
2200 554 379 332 774 3.2 AR 371 first 11.6 8.0 
2200 538 379 341 742 3.3 Besa 375 first 11.5 8.3 
2460 578 382 332 763 Sed: Pars 410 first 13.0 6.2 
2495 575 384 334 775 3.8 Sas were 407 first 1257 5.3 
2345 685 407 206 771 ae 15.2 78 495 outlet 16.2 wise 
2215 630 407 203 740 12.7 78 465 outlet 14.7 
2040 570 407 207 716 1 th 78 440 outlet 13.1 
1980 570 407 287 714 10.7 78 450 outlet 12.7 
1950 585 408 289 723 11.5 78 450 outlet 10.6 
2305 640 407 291 770 Tsiav 78 475 outlet 13.6 
2095 645 407 291 737 14.5 78 480 outlet 12.6 
2135 640 407 233 733 14.3 73 480 outlet 14,2 
2270 690 407 292 743 Wane) 78 500 outlet 15.3 


6 Burns pulverized coal. 


© Equipped to fire oil or gas. 


2 Equipped with chain-grate stoker. 
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¢ Burns natural gas. 
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TEMPERATURES AND CALCULATED u-VALUES 
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4.35 1.70 0.83 14.68 14.18 15.90 5.0 2.65 0.265 0.735 301 410 11.7 4.20 0.29 0.30 29.3 
4°65 2.05 0.83 14.68 14.18 16.25 4.2 2.60 0.254 0.746 216 290 12.5 3.75 0.25 0.26 20.7 
3.90 2.00 0.83 14.61 14.11 16.10 3.5 1.90 0.194 0.806 shileg 145 9.9 6.20 0.42 0.44 10.3 
3°80 1.90 0.25 13.70 13.19 15.10 2.5 1.90 0.201 0.799 160 200 9.7 5.40 0.39 0.41 8.9 
3°85 2.00 0.25 13.70 13.19 15.20 2.5 1.85 0.197 0.802 160 200 9.8 5.40 0.39 0.41 8.9 
4°40 1.80 0.25 13.70 13.19 15.00 2.5 1.60 0.179 0.821 160 195 8.8 6.20 0.45 0.47 8.7 
3°00 2.10 0.25 13.70 13.19 15.30 2.5 1.90 0.200 0.800 161 201 9.7 5.60 0.41 0.42 8.9 
85 2.00 0.25 13.70 13.19 15.20 2.5 1.85 0.197 0.803 161 200 9.6 5.60 0.41 0.42 8.9 
3.60 1.85 0.25 13.70 13.19 15.25 2.5 1.75 0.190 0.810 160 198 9.0 6.25 0.45 0.47 8.8 
3.85 2.00 0.25 13.70 13.19 15.20 2.5 1.85 0.197 0.803 160 199 9.5 5.70 0.42 0.43 8.9 
3.85 2.00 0.25 13.70 13.19 15.20 2.5 1.85 0.197 0.803 160 199 9.4 5.80 0.42 0.44 8.9 
3.65 1.85 0.25 13.70 13.19 15.05 2.5 0.80 0.193 0.807 160 198 9.2 5.85 0.43 0.44 8.8 
3.80 1.85 0.25 13.70 13.19 15.05 3.2 1.95 0.212 0.788 242 307 10.2 4.85 0.35 0.37 13.7 
3.50 1.70 0.25 13.70 13.19 14.90 3.2 1.80 0.200 0.800 238 298 9.6 5.30 0.39 0.40 13.3 
3.50 1.75 0.25 13.70 13.19 14.95 3.2 1.75 0.196 0.804 244 304 9.8 5.15 0.38 0.39 13.6 
3.60 1.75 0.25 13.70 13.19 14.95 3.2 1.85 0.204 0.796 242 304 9.4 5.55 0.41 0.42 13.6 
3.45 1.70 0.25 13.70 13.19 14.90 3.2 1.75 0.197 0.803 254 316 9.2 5.70 0.42 0.43 14.1 
3.60 1.80 0.25 13.70 13.19 15.00 3.2 1.80 0.201 0.799 249 312 9.8 5.20 0.38 0.39 13.9 
4.15 2.10 0.25 13.70 13.19 15.30 3.2 2.05 0.219 0.781 242 310 10.6 4.70 0.34 0.36 13.8 
3.65 1.85 0.25 13.70 13.19 15.05 3.2 1.80 0.201 0.799 241 302 9.7 5.35 0.39 0.40 13.5 
3.30 1.70 0.25 13.70 13.19 14.90 3.2 1.60 0.186 0.814 242 298 8.8 6.10 0.45 0.46 13.3 
3.90 1.85 0.25 13.70 13.19 15.05 4.0 2.05 0.226 0.774 288 372 TOR % 4.35 0.32 0.33 16.6 
3.85 1.85 0.25 13.70 13.19 15.05 4.0 2.00 0.223 0.777 295 380 10.8 4.25 0.31 0.32 17.0 
3.85 1.80 0.25 13.70 13.19 15.00 4.0 2.05 0.226 0.774 300 388 10.2 4.80 0.35 0.36 17.3 
3.65 1.75 0.25 13.70 13.19 14.95 4.0 1.90 0.215 0.785 300 382 9.8 5.15 0.38 0.39 17.1 
3.30 1.60 0.25 13.70 13.19 14.80 4.0 1.70 0.201 0.799 303 379 9.3 5.50 0.40 0.42 16.9 
3.85 1.85 0.25 13.70 13.19 15.00 4.0 2.00 0.222 0.778 301 387 10.0 5.00 0.36 0.38 17.3 
3.80 1.80 0.25 13.70 13.19 15.00 4.0 2.00 0.222 0.778 302 388 9.8 5.20 0.38 0.39 17.3 
3.30 1.70 0.25 13.70 13.19 14.90 4.0 1.60 0.193 0.807 309 383 9.0 5.90 0.43 0.45 Dil 
3.60 1.90 0.25 13.70 13.19 15.10 2.5 1.70 0.186 0.814 161 198 9.7 5.40 0.39 0.41 8.9 
3.60 1.80 0.25 13.70 13.19 15.00 3.2 1.80 0.201 0.799 236 296 9.8 5.20 0.38 0.39 13.2 
4.10 1.90 0.25 13.70 13.19 15.10 4.0 2.20 0.237 0.763 301 394 10.6 4.50 0.33 0.34 17.6 
5.10 2.60 1.73 20.15 19.30 21.85 3.0 2.50 0.196 0.804 75.5 94 10.1 11.70 0.58 0.61 8.5 
5.60 2.00 2.04 20.46 19.61 21.60 3.0 2.70 0.235 0.765 79.0 103 ah BS 10.50 0.51 0.53 9.3 
4.65 2.25 1.62 20.04 19.19 21.45 3.0 2.40 0.192 0.808 125 155 10.0 11.45 0.57 0.60 14.1 
5.15 2.40 1.90 20.32 19.47 21.85 3.0 2.75 0.208 0.792 133 168 11.4 10.45 0.561 0.54 15.3 
4.50 2.30 1.25 19.67 18.82 21.10 3.0 2.20 0.185 0.815 102 125 8.9 12.20 0.62 0.65 11.4 
5.55 2.70 2.00 20.42 19.57 22.25 3.0 2.85 0.211 0.789 102 129 10.6 11.65 0.57 0.60 7b UE 4 
5.90 2.80 2.00 24.50 22.32 25.00 3.0 3.10 0.246 0.754 125 166 12.9 12.10 0.50 0.54 15.1 
rho dy 3.50 2.76 25.16 22.98 26.50 3.0 4.20 0.284 0.716 127 177 16.3 10.20 0.41 0.45 16.1 
6.30 3.20 2.15 24.65 22.47 25.60 3.0 3.10 0.244 0.756 96.8 128 13.1 12.50 0.51 0.55 11.6 
har!) 3.50 2.60 25.10 22.92 26.40 3.0 3.70 0.264 0.736 95.5 129 15.2 11.20 0.45 0.49 TS 7, 
6.00 3.10 2.04 24,54 22.36 25.40 3.0 2.90 0.238 0.762 77.2 101 12.8 12.60 0.52 0.56 9.2 
2.90 1.70 0.46 8.71 8.21 9.90 4.0 1.20 0.235 0.765 53.4 70 8.2 1.70 0.20 0.21 12.9 
3.20 1.50 0.52 8.77 8.27 9.75 4.5 1.70 0.295 0.705 99.0 140 9.0 0.75 0.08 0.09 25.8 
2.80 1.30 0.48 8.75 8.23 9.50 5.0 1.50 0.280 0.720 140 194 (fats 1.80 0.21 0.22 35.8 
2.75 1.40 0.77 10.82 10.34 11.70 4.0 1.25 0.200 0.800 rhage 89.6 6.2 5.50 0.51 0.53 10.3 
2.40 1.35 0.65 10.70 10.22 11.55 4.0 1.05 0.183 0.817 69.0 84.5 5.8 5.70 0.53 0.56 9.7 
Zed: 1.15 0.60 10.65 10.17 11.30 4.0 1.00 0.179 0.821 66.5 81 5.2 6.10 0.57 0.60 9.3 
2.35 1.20 0.63 10.68 10.20 11.40 4.0 1.15 0.202 0.798 109 136 5.3 6.10 0.57 0.60 15.6 
2.10 1.05 0.56 10.61 10.13 11.25 5.0 1.05 0.194 0.806 107 132 5.0 6.25 0.59 0.62 15.1 
5.70 3.10 0 20.60 18.60 22.40 3.0 2.60 0.245 0.755 69.2 91.7 16.1 5.60 0.27 0.30 16.5 
5.00 2.80 0 20.60 18.60 22.10 3.0 2.20 0.226 0.774 68.8 89.8 14.4 7.00 0.34 0.38 16.0 
4.90 2.60 0 20.60 18.60 21.90 3.0 2.30 0.231 0.769 68.2 88.8 13.9 7.30 0.35 0.39 16.0 
6.00 3.00 0 20.60 18.60 22.30 2.5 3.00 0.259 0.741 141 190 16.3 5.30 0.26 0.29 34.2 
5.60 2.90 it) 20.60 18.60 22.20 2.5 2.70 0.245 0.755 141 187 15.7 5.80 0.28 0.31 33.7 
5.30 2.60 0 20.60 18.60 21.90 2.5 2.70 0.245 0.755 141 187 15.0 6.20 0.30 0.33 33.7 
6.40 2.90 0 20.60 18.60 22.20 2.0 3.50 0.278 0.722 210 291 17.0 4.50 0.22 0.24 52.4 
6.10 2.60 0 20.60 18.60 21.90 2.0 3.50 0.278 0.722 218 302 16.3 4.90 0.24 0.26 54.3 
5.50 3.00 0 19.00 18.15 21.15 3.0 2.50 0.205 0.795 78.5 98.8 15.5 5.65 0.30 0.31 7.8 
5.55 2.85 0 19.00 18.15 21.15 2.5 2.70 0.210 0.790 135 171 15.7 5.45 0.29 0.30 30.8 
6.40 2.90 0 19.00 18.15 21.20 2.0 3.50 0.247 0.753 190 252 ui (sah 4.10 0.22 0.23 45.4 
4.20 2.50 0 20.00 18.11 20.60 2.5 1.70 0.204 0.796 117 147 11.1 9.50 0.48 0.52 11.1 
4.20 2.60 0 20.00 18.11 20.70 2.5 2.10 0.224 0.776 120 154 12.4 8.60 0.43 0.47 11.7 
5.90 2.80 0 20.00 18.11 20.90 2.5 3.10 0.274 0.726 120 165 13.7 7.20 0.36 0.40 12.5 
5.00 2.50 0 20.00 They GE 20.60 2.0 2.50 0.239 0.761 223 293 11.9 8.70 0.43 0.48 22.2 
5.60 2.70 0 20.00 18.11 20.80 2.0 2.90 0.259 0.741 156 210 12.3 8.50 0.43 0.47 15.9 
5.20 2.40 * O 20.00 18.11 20.50 2.0 2.80 0.254 0.746 224 300 11.7 8.80 0.44 0.49 23.7 
5.00 2.40 0 20.00 18.11 20.50 2.0 2.60 0.244 0.756 162 214 13.2 7.50 0.36 0.40 16.2 
5.00 2.40 0 20.00 18.11 20.50 2.0 2.60 0.244 0.756 248 328 13.2 7.50 0.36 0.40 24.9 
5.30 2.40 0 20.00 18.11 20.50 2.0 2.90 0.259 0.741 328 442 13.1 7.40 0.37 0.41 33.7 
3.90 2.00 1.08 15.23 14.79 16.80 4.2 1.90 0.195 0.805 238 296 11.0 5.80 0.38 0.39 32.7 
3.65 1.90 0.97 15.12 14.68 16.60 4.2 1.75 0.187 0.813 267 328 10.2 6.40 0.42 0.44 36.3 
4.30 2.40 1.05 15.20 14.76 17.20 3.5 1.90 0.189 0.811 138 170 11.0 6.20 0.41 0.42 18.8 
3.80 2.15 0.87 15.02 14.58 16.80 3.5 1.65 0.174 0.826 134 162 9.8 7.00 0.46 0.48 17.9 
4.60 2.40 Lebo 15.34 14.90 17.30 4.2 2.20 0.214 0.786 247 314 12.0 5.30 0.34 0.36 34.7 
4.60 2.40 1.15 15.30 14.86 17.30 4.2 2.20 0.215 0.785 247 314 12.1 5.20 0.34 0.35 34.7 
4.30 2.15 1.15 15.30 14.86 17.05 5.0 2.15 0.219 0.781 301 385 12.3 4.75 0.31 0.32 42.6 
4.40 2.20 1.19 15.34 14.90 ily Ga Ray 5.0 2.20 0.222 0.778 02 388 12.7 4.45 0.29 0.30 42.9 
3.70 1.70 1.14 15.69 15.28 17.10 5.0 2.00 0.204 0.796 980 1230 9.3 7.80 0.50 0.51 36.8 
4.00 1.80 1.10 15.65 15.24 17.05 4.0 2.20 0.207 0.793 747 942 eds 7.35 0.47 0.48 28.2 
4.10 2.00 1.14 15.69 15.28 17.30 3.0 2.10 0.190 0.800 496 620 10.0 7.30 0.46 0.48 18.6 
4.20 2.00 1.32 15.87 15.45 17.50 3.0 2.20 0.194 0.806 463 574 10.1 7.40 0.47 0.48 17.2 
4.80 2.30 1.01 16.16 15.75 18.05 3.0 1.50 0.148 0.832 464 544 iB lev, 6.35 0.39 0.40 16.3 
4.20 1.90 1.24 15.79 15.38 17.30 4.0 2.30 0.212 0.788 674 855 10.8 6.50 0.41 0.42 25.6 
4.50 2.00 1.43 15.98 15.57 17.60 4.0 2.50 0.222 0.778 674 866 10.7 6.90 0.43 0.44 ridel 
4.10 1.80 1.17 15.72 15.31 17.10 4.0 2.30 0.212 0.788 693 887 9.7 7.40 0.47 0.48 26. 
4.00 1.70 1,28 15.83 15.42 17.10 5.0 2.30 0.221 0.779 877 1125 9.4 7.70 0.49 0.50 aie 
f Short-flame conditions. g Normal-flame conditions. 4 Long-flame conditions. ‘ Wet fuel. 
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TABLE 4 INDICATED CALCULATIONS FOR TABLE 3 
Items 1 to 19.....data ; ; : 
Ttem 203 ok anaes calculated from item 17, using fuel analysis 
Reem 2a eters ene assumed equal to item 20 plus 7 per cent 
Teen 2 ae ee heat capacity curves using items 8 and 21 
JTtem.23.,.coe heat capacity curves using item 20 
Dior 24, ec rs (fraction of air heated) X [(heatin air at burner temp) — 
(heat in air at 80 F)] 
Tem 25.2 teh cts high heat value of fuel + item 24 
Them 260.05 foe: on item 25 — latent heat 
Vem 27h. aac rae item 26 + item 23 
tem: 285, 5 dynes a assumed 
Eten 29 cede es age item 22 — item 23 
I 30 latent-heat loss in per cent + item 28 item 29 
bc ia eae 100 item 25 
Item 31...... ....1.00 — item 30 
Stem: S2 nae een ae item 5 X [(heat of superheated steam — heat of feed- 
water) } 
Ftem SS yre.A0 tae item 32/item 31 
Ttem 3 4an0-46 e heat-capacity curves using items 7 and 20 
Ntent $5 see item 27 — item 34 
Item 3623-~ +56 item 35/item 25 
Jtem 37452 36 4.<../33 item 35/item 26 
Item: 38 sacs <-a8 item 33/furnace volume 
TABLE 5 ASSUMED RADIATION LOSSES 
Boiler surface, sq ft Per cent loss 
2,500 to 7,500 3.00 
7,500 to 12,500 2.00 
12,500 to 20,000 1.50 
20,000 to 50,000 1.25 
Over 50,000 1.00 


heat is lost in so far as any heat transfer is concerned, unless the 
dewpoint of the gases is reached, it must be subtracted from the 
high heat value of the fuel. 

It was impossible to conduct a weighed-fuel and water test 
on the boilers, thus necessitating the use of the heat-balance 
method (38) for the calculation of boiler efficiency. Results 
should be sufficiently close for the purposes of this report. The 
carbon, hydrogen, hydrocarbon, and overall boiler radiation loss 
have been combined and estimated in item 28 of Table 3. 

The radiation loss through the furnace walls in per cent of the 
furnace heat input was taken as in Table 5. 

The other losses were, judging by some experimental data (30), 
estimated as about 1 per cent for oil- and gas-fired boilers. For 
coal firing, these losses were estimated at values ranging from 2 
per cent at normal ratings to 6 per cent at the higher ratings, these 
values being based on available data. 

The calculations made in Table 3 to obtain the heat input 
to the furnace are evident. Using the heat-capacity curves in 
order to determine the heat in the gases at the furnace exit, the 
difference between this value and the heat of combustion plus the 
heat in the gases at 80 F plus the heat in the preheated air, will be 
the heat radiated or convected to the furnace surfaces. Com- 
plete combustion is assumed for this caleulation. The ratio of 
the heat radiated to the heat input is readily calculated, and is 
termed the gas-temperature p-value. 

It will be seen that the heat in the preheated air used for com- 
bustion has been assumed to act exactly as if it were part of the 
calorific value of the fuel. This assumption is open to question in 
view of the possibility of chemiluminescence but no data exist to 
form a more exact conclusion. Any error from this source cannot 
be large. 

There are two possible methods of computing the gas-tempera- 
ture w-value. In item 36 it is given as a ratio of the heat given up 
from the furnace gases to the calorific heat of the fuel plus sensible 
heat in air supplied from combustion. 

Since the energy as heat required to evaporate the moisture 
resulting frem hydrogen and moisture in the fuel is not available 
for radiation or to increase the sensible heat of the gases, a second 
determination of » as a ratio of the heat given up from the furnace 
gases to the low heat value of the fuel plus any air preheat has 
been given as item 37. 

In the cases where the boilers tested have separate waterwall 
circulation and drums, it is possible to estimate the heat absorbed 
in the furnace by use of a proportion between the total exposed 
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effective radiant heating surface in the screen boiler and that part 
of the waterwall boiler on separate circulation. 

This has not been done in this report since it involves an esti- 
mation of the relative heat-absorbing abilities of various kinds of 
waterwall surfaces which, in the present state of our knowledge 
of this subject, is to some extent dependent on individual opinion. 

It should be noted that in calculating the gas-temperature p- 
values, it was necessary to determine the boiler efficiency by the 
heat-balance method. This involves some element of personal 
judgment and it is realized that others would perhaps obtain 
different values for the boiler efficiency, thus getting slightly 
different y-values. However, the differences should not be large 


and it has been deemed advisable to calculate and give these p- 
values so as to present the data more effectively. 

The data which are included will also serve, it is believed, as a 
criterion for checking results obtained by the various methods of 
calculation advanced by different investigators. 


WHEE 


Temperature (100°F) 


Sensible Heat in Gases Thousand Btu per Lb Fuel, 
as Fired Basis (Above 0°F Abs) 


Fig: 12 Typicau Heat-Capaciry Curves ror NaTuRAL Gas 
(Goodenough specific heats used.) 


With this in view the values of » as computed from gas-tem- 
perature data have been included in Table 3, as stated previously. 
It is felt that the results included in a report by the committee 
should not be carried beyond this point because major assump- 
tions would be involved about which there is no general agree- 
ment. 

However, an investigation has been conducted in which the 
results of each of several well-known methods of arriving at p- 
values are compared to the gas-temperature values of u included 
in this report. This information is presented in the two papers, 
immediately preceding this paper, RP-57-2 and RP-57-3. 

A study of the method of taking the experimental data included 
in this report will reveal the probable magnitude of any errors 
involved. The readings of the high-velocity thermocouples, by 
far the most important determination, are believed to indicate the 
true gas temperature within 50 F. 

Furthermore, inspection of the data (of which a considerable 
amount is not given in this paper) will show that even under 
identical conditions of boiler-operating control, the furnace 
temperature may vary as much as 100 F from day to day. Theo- 
retically, it would be possible to determine the cause of this varia- 
tion which is probably due to such factors as irregular coal feed- 
ing, shifting combustion conditions, and different amounts of slag 
on the walls. Practically, the causes are indeterminate, hence, 
it would seem that a method yielding the greatest accuracy desir- 
able should give results, in regard to the furnace temperature, of 
about +50 F. 

It is appreciated that many faults may be found with the 
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results. However, it is believed that a contribution has been 
made which will help in advancing the subject but which will 
require much more work, both practical and theoretical, before it 
can be said that it is on a thoroughly sound basis. 

In the literature, the increasing tendency to measure furnace- 
exit-gas temperatures as a part of the complete boiler test is noted 
with gratification (30, 35, 50), although it is regrettable that 
high-velocity thermocouples are not always used for this de- 
termination. 

It is impossible to mention individually all those who have 
cooperated in this investigation. Grateful acknowledgment is 
particularly due to the operating companies, who by lending the 
use of their facilities and personnel, have made this investigation 
possible. The names of the various power plants have been 
deleted by request. 
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Discussion 


Steam-Turbine Leaving Losses and 
Vacuum Corrections’ 


Ernest L. Rosinson.? Professor Helander has presented a 
detailed set of computations of the effect of leaving velocity at 
the wheel annulus on vacuum corrections for steam-turbine 
performance. The corrections are based, as they should be, on a 
particular known performance and the author wisely qualifies 
his methods as suitable for use in the field where manufacturers’ 
corrections are not available, and his basic theoretical analysis of 
the steam action in the last-stage bucket exit seems to be correct. 

There are, however, a number of influences that must be taken 
into account in preparing the vacuum corrections for steam- 
turbine performance. The most important of these is the leaving- 
velocity loss from the last-stage wheel and this he has considered. 
Another important element is the pressure drop through the 
exhaust hood from the wheel annulus to the exhaust flange, which 
occurs despite considerable excess area. These two influences 
are closely inter-related and only an approximate analysis of the 
actual leaving loss can be made without taking account of the 
variation of pressure due to drop through the hood. Omitting 
the exhaust-hood loss, however, does give a first approximation 
to the vacuum corrections since when the exhaust-hood loss is 
larger, the leaving loss is less. Certain upstream effects are also 
to be reckoned with for a stage or two preceding the last, particu- 
larly at light loads. We understand from the author that these 
latter effects, while not evaluated, are allowed for in Appendix B 
if certain factors are known. 

Manufacturers’ vacuum corrections attempt to evaluate all 
these influences with the best available knowledge as to the per- 
formance of the several elements, supplemented with empirical 
corrections to the theoretical calculations following analyses of 
many actual tests. It would be our recommendation that where 
important decisions are involved, actual tests at various vacuums 
be carried out or the manufacturers’ vacuum corrections, which 
are based on a wide knowledge of such tests, be used. 


C. Harotp Berry.’ The determination of vacuum correc- 
tions is an important undertaking in connection with an accept- 
ance test of a steam turbine. The A.S.M.E. Test Code for 
Steam Turbines now requires that vacuum corrections be es- 
tablished by prior agreement between the manufacturer and the 
purchaser, either in the purchase contract or in a separate agree- 
ment, or else that the corrections be found by auxiliary tests. 
The first alternative is tantamount to accepting the manufac- 
turer’s correction curves; if the purchaser is unwilling to do this, 
he must conduct a costly series of tests. 

Some readers may be of the opinion that Professor Helander 
has developed another method for securing the desired corrections 
that will avoid the difficulties of the foregoing alternatives. 
That this is not the ease seems evident from the fact that items 2 


1 Published as paper FSP-57-8, by Linn Helander, in the May, 


1935, issue of the A.S.M.E. Transactions. f 
2 Turbine Engineering Department, General Electric Company, 
Schenectady, N. Y. Mem. A.S.M.E. a‘ : j 
3Gordon McKay Professor of Mechanical Engineering, _The 
Graduate School of Engineering, Harvard University, Cambridge, 
Mass. Chairman of A.S.M.E. Power Test Codes Individual Com- 
mittee No. 6, Steam Turbines. 


to 6 and 28 in the table on page 154 of the original paper are 
stated to rest upon information furnished by the manufacturer. 
In the case of a test, item 5 would be known from the test results, 
and some of the other items might be obtained by sufficiently 
skillful measurement; but in the end the computed results will 
rest upon data furnished by the manufacturer and accepted by 
the purchaser. If the purchaser is willing to accept basic data, 
he will probably be equally willing to accept the final result. 
Thus it appears to me that this method should not find a place in 
the A.S.M.E. Test Codes. 

The writer speaks as chairman of Power Test Codes Individual 
Committee No. 6, which is now engaged in the revision of the 
Test Code for Steam Turbines. He does not, however, speak for 
the Committee, since there has been insufficient time for a poll 
of its membership. 


Joun A. Dent.‘ Both designers and users of turbines will find 
Professor Helander’s paper useful in the estimation of leaving 
losses and vacuum correction. The influence of critical speed 
and the limitations of possible vacuum at different loads are 
clearly brought out. While at first glance the procedure seems 
rather complicated the development is entirely logical and with 
a little study and practice can be applied with a reasonable 
expenditure of time and work. 

The problem of determining leaving losses is exceedingly 
complex, and many variables enter its solution. The author is 
careful to point out that his method gives only a reasonable 
approximation and calls attention to some of the neglected 
variables which may influence the result, namely, leakage, mois- 
ture, and variation in nozzle efficiency. Other items which 
might be mentioned are: 


(a) Variation in leaving velocity across section of jet 
(b) Variation in leaving velocity from root to tip of blade 
(c) Variation in gaging from root to tip. 


Under (a) it should be remembered that the discharge varies as 
the mean velocity across the jet, while the kinetic energy varies 
with the “root mean square” of the velocity. Ordinarily the 
error in using mean velocity for computing kinetic energy is quite 
small. 

The error in computing kinetic energy from the leaving velocity 
at mean-blade speed may be considerable in some cases, and 
entirely negligible in others. For example if the tangential 
component of the relative velocity is equal to the mean-blade 
speed, the absolute velocity leaving is a minimum at the middle of 
the blade, and increases both toward root and tip. If the kinetic 
energy is calculated on the basis of the velocity at the middle of 
the blade the result will obviously be too low. In the accompany- 
ing diagram, Fig. 1, OA is the relative velocity, AB the mean- 
blade speed, AC the root-blade speed, and AD the tip-blade 
speed. Then OB is the absolute velocity at the middle of the 
blade, OC at the root, and OD at the tip. Plainly, the mean 
leaving velocity is greater than OB. 

The writer made a few calculations on the magnitude of this 
error using as an example a two-foot blade mounted on a six-foot 
drum revolving at 1800 rpm. A straight blade was assumed with 


4 Professor and Head of Department of Mechanical Engineering, 
University of Pittsburgh, Pittsburgh, Pa. Mem. A.S.M.E. 
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a constant gaging giving sin a = 0.45. The figures chosen 
correspond to a mean-blade speed of 754 ft per sec and a tip 
speed of 942 ft per sec. 

At a relative velocity of 850 ft per sec the kinetic energy was 
108 per cent of that found by assuming the leaving velocity 
corresponding to the mean-blade speed. At 1000 ft per sec the 
ratio dropped to 103.4 per cent and at 1270 ft per sec became 100 
per cent. A maximum of 115 per cent was found at 582 ft per 
sec. 

No attempt has been made to evaluate the effect of change of 
gaging from root to tip. Such an investigation would require a 


A Cc B D 
Fig. 1 


detailed study of the design of blading used in any individual 
turbine. Such procedure is far beyond the intended scope of the 
author’s paper. The writer wishes merely to call attention to 
this factor as one of the variables whose influence has been 
neglected. 

The determination of the critical conditions is one of the most 
interesting and important contributions in the paper. The 
curves and approximate formulas developed by the author will do 
much to save time and labor in this calculation. The data sup- 
plied are almost the exact reverse of those given in impulse- 
turbine nozzles. There a nozzle of given dimensions is supplied 
with steam of known pressure and quality, and the discharge is 
easily computed. In the present instance a given discharge is 
delivered at a known pressure, but unknown quality, and the 
critical conditions have to be found. A method of successive 
approximations is used. The author shows that a correct solu- 
tion is quickly reached. In fact the first approximation appears 
to be well within the limits of accuracy of the method, but the 
author properly refuses to take this for granted and carries 
through the second approximation, showing that his first assump- 
tions were close to the truth. 

The writer wishes to express appreciation of the paper and to 
welcome it as a valuable contribution to our knowledge of the 
turbine. 


AuTHOR’s CLOSURE 


The procedure for evaluating steam-turbine vacuum correc- 
tions proposed in the paper was prepared principally for use in 
making economic and heat-balance studies of the kind usually 
undertaken before the purchase of turbines and condensers to 
determine among other data, the vacuum which probably would 
be the most economical and, therefore, the approximate vacuum 
for which the turbines and their condensers should be designed. 

In view of the uncertainty of data other than vacuum correc- 
tions, such as cost data and load curves, which must be estimated 
or assumed for these preliminary studies, it was felt inadvisable 
to introduce refinements that might add much to the complexity 
of the problem of evaluating approximate vacuum corrections 
and yet have but a small influence on final conclusions. For 
this reason, and also because precise data on the design of blades 
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and exhaust hoods are not available usually for preliminary 
studies, the factors to which Professor Dent and Mr. Robinson 
appropriately call attention were ignored. 

Where the necessary data are available and precise results 
are desired, exhaust-hood losses should be calculated and leaving 
losses should be more accurately evaluated taking into account, 
as Professor Dent suggests, variations in gaging from root to 
tip as well as variations in blade speed from root to tip. When 
variations in gaging and in blade speed from root to tip are taken 
into account, the equation for leaving losses takes the form of an 
integral which can be evaluated graphically if it cannot con- 
veniently be evaluated analytically. 

In this connection, it may be well to point out that in evaluat- 
ing vacuum corrections, two leaving losses calculated for differ- 
ent vacua are subtracted and their errors may be compensatory 
to some extent. Table 1 of this discussion shows this to be the 
TABLE 1 ERROR IN CHANGE IN LEAVING LOSSES ACCOM- 


PANYING A CHANGE IN RELATIVE VELOCITY BASED UPON 
DATA PRESENTED BY PROFESSOR DENT! 


Relative velocity, fps.............. 582 850 1000 1100 
Approx. leaving losses, Btu per lb... 2.48 2.95 4.46 6.00 
Error in leaving losses, per cent..... 15.50 8.00 3.40 1.60 
Absolute error in leaving losses, Btu 
per IDs pers ag dh acid eit © Gera tert 0.383 0.235 0.151 0.097 
Absolute error in change in leaving ( Base 0.148 0.232 0.286 
losses, Btu perilby: ns ce ewes bat Base 0.084 0.138 
(eels oat Base 0.054 
Error in change in leaving losses, ( Base 1.95 1.75 1.65 
per cent of increment of relative Base 1.50 1.40 
Kinetic Onergy® vis iiss t vayeisueisys cera van Base 1.30 
4 Increment of relative kinetic energy = [(Terminal rel. vel.)? — (Base 
rel. vel.)?]/50,000. 
case for the conditions assumed by Professor Dent. It shows 


also, for these conditions, that when leaving losses for two differ- 
ent relative velocities are evaluated at the mean diameter, the 
error in their difference is but a small fraction of the conversion 
of energy required to accelerate the steam from the lower to the 
higher velocity, and therefore may be ignored where approximate 
data are satisfactory. 

In the writer’s sample calculations, if leaving losses had been 
evaluated by taking into account variations in blade speed from 
root to tip on the assumption that straight blades of constant 
gaging are employed, then the calculated vacuum correction 
factor, Item 58 on page 155 of the paper, would have changed 
from 4.60 per cent to 4.67 per cent under Case 1 and from 1.33 
per cent to 1.38 per cent under Case 2: For the purposes for 
which these estimated vacuum corrections are likely to be used, 
these differences are negligible. 

The foregoing considerations do not in any sense detract from 
the force and value of Professor Dent’s criticisms and sugges- 
tions. For conditions other than those here investigated the 
error introduced by evaluating leaving losses at the mean di- 
ameter may have a greater effect on the vacuum correction; and 
as previously stated, where precise values of leaving losses and 
vacuum corrections are desired, the factors Professor Dent 
discusses should be considered. The author believes, however, 
that where the data needed for evaluating leaving losses pre- 
cisely are not available, his procedure will give approximations 
of vacuum corrections satisfactory for use in preliminary studies. 

The author wishes to thank Professor Dent, Mr. Robinson, 
and Professor Berry for the discussions they have contributed. 
Their points of view and criticisms have helped to clarify the 
intent of the paper and the limitations of the procedure proposed. 
He agrees with Professor Berry that the procedure outlined for 
evaluating vacuum corrections should not be made a part of the 
A.S.M.E. test code. 


DISCUSSION 


The Psychrograph' 


WarkEN ViessMAN.? The Norris-Westinghouse psychrograph 
chart is ingenious, and its invention is a material contribution 
to the design of air-conditioning installations. 

The recognition and use of the heat-ratio lines of sensible heat 
to total heat through a point of known condition, as a locus of all 
changes of psychrometric conditions of the air under constant- 
heat ratio (as represented by a point on the chart, and as stated in 
the first theorem in the paper) offers an accurate and convenient 
method of determining the saturation temperature of a mixture of 
air leaving the washer, and greatly simplifies the work of the air- 
conditioning engineer. 

The second theorem given in the paper is useful in establishing 
the condition of the air entering the washer, and also the condi- 
tion of the air entering the room, when a by-pass washer with 
make-up air, as shown in Fig. 1 of this discussion is used. The 
straight line connecting the two points covering the conditions 
of the two quantities to be mixed is the locus of all conditions 
of the mixed air. 


Washer 


Fie. 1 DiaGram or ConnecTions FoR A By-Pass WASHER WITH 
LETTERS CORRESPONDING TO THOSE GIVEN IN ExampLey 5. Fia. 5, 
OF THE PAPER 


The chart as constructed is easily read and of much larger 
scale for the same overall size than the usual chart. The values 
as read from the chart check to within three significant figures 
with those obtained from tables and by calculation. 

In his Fig. 5, the author has solved a typical by-pass air-washer 
problem. The letters on the chart in Fig. 5 of the paper, repre- 
senting conditions at various points, correspond with those on 
Fig. 1 of this discussion. 

In this discussion let C = quantity of air leaving washer, lb 
per min; D; = quantity of room air of condition D recirculating 
and by-passing the washer, lb per min; D:; = quantity of room air 
of condition D recirculating and entering the washer, lb per min; 
E = quantity of air entering washer to be conditioned, lb per 
min; F/ = quantity of outside ventilation air entering washer, 
Ib per min; G = quantity of conditioned and recirculated air 
entering the room, lb per min; t, = temperature of air 
leaving washer, deg F, dry bulb; t; = temperature of room air 
recirculated, deg F, dry bulb; t, = temperature of air entering 
the washer, deg F, dry bulb; t- = temperature of outside air, deg 
F, dry bulb; and ¢, = temperature of air entering room, deg F, 
dry bulb. 

The quantity of conditioned and recirculated air G entering the 
room is determined by the temperature differential desired be- 
tween the entering air and the room air. The quantity of outside 
ventilation air 7 entering the washer is usually expressed as a 
percentage of G. 


1 Published as paper PRO-57-2, by A. M. Norris, in July, 1935, 
issue of the A.S.M.E. Transaction. 

? Associate Mechanical Engineer, Procurement division, U. S. 
Treasury Department, Washington, D.C. Mem. A.S.M.E. 
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The quantity of air # entering the washer to be conditioned is 


Total heat to be removed from room, Btu per hr 
0.24 X 60 (room wet-bulb temp — ¢,) 


which is equal to the quantity of air C leaving the air washer, or 
C = #. 

The quantity of room air D; of condition D recirculating and 
by-passing the washer is equal to the quantity of conditioned and 
recirculated air G entering the room minus the quantity of air C 
leaving the washer, or D; = G—C. 

The quantity of room air D, of condition D recirculating and 
entering the washer is equal to the quantity of air E entering the 
washer to be conditioned minus the quantity of outside ventila- 
tion air F entering the washer, or D, = E — F. Since D, = 
G— D, and D, = E—F, it is seen that D, + D. = G—F. 

The temperature of the air t, leaving the washer is obtained on 
the Norris Psychrograph by the intersection of the heat-ratio line 
through the room condition with the saturation curve, and is 52 F 
in example 5, Fig. 5, of the paper. 

The temperature t, of the room air recirculated, the tempera- 
ture t, of the outside air, and the temperature ¢, of the entering air, 
are selected design temperatures. The temperature ¢, of the air 
entering the washer is equal to (Det, + ¢,F)/E. 

From the foregoing relationships it is seen that the deter- 
mination of ¢,, the temperature of the air leaving the washer, 
from the Norris Psychrograph readily simplifies a series of rela- 
tionships which otherwise would be more difficult to solve. The 
location of ¢, and t, on the locus lines of the chart immediately 
establishes the condition of the air entering the washer and the air 
entering the room. 

In example 5 given by the author, which is solved in Fig. 5 of 
the paper, the total heat load of the room was 100,000 Btu for 
which 59.1 lb of ventilation air was required. The air recirculated 
through the washer was 118.3 lb per min. 

The total heat of outside air F entering the washer at 78 F wet 
bulb = 40.64 Btu per lb, and the total heat of outside air F leay- 
ing the room at ¢, deg and 50 per cent relative humidity = 30.80 
Btu perlb. Therefore, the heat removed from the ventilation air 
above room temperature = 40.64 — 30.80 = 9.84 Btu per lb. 
Hence, the heat removed per hour = 59.1 X 60 X 9.84 = 35,000 
Btuperhr. The refrigeration required would then be (100,000 + 
35,000) /12,000 = 11.3 tons, which checks with 11.44 obtained by 
the author in his example 5. 

Again, the total heat of recirculated air D, to the washer = 
30.80 Btu per Ib, and the total heat of recireulated air D, from 
the washer at 52 F wet bulb = 21.30 Btu per lb. Therefore, the 
heat removed from the recirculated air D, = 30.80 — 21.30 = 
9.50 Btu per lb, and since 118.3 lb per min is circulated, the heat 
removed per min = 118.3 X 9.50 = 1130 Btupermin. The total 
heat of outside air F to the washer at 78 F wet bulb = 40.64 Btu 
per lb, and the total heat of outside air F from the washer at 52 F 
wet bulb = 21.30 Btu per lb. Therefore, the heat removed 
from the outside air F = 40.64 — 21.30 = 19.34 Btu per lb, and 
since 59.1 lb per min pass through the washer, the total heat re- 
moved per minute = 59.1 X 19.34 = 1150 Btu per min. The 
refrigeration required would then be (1130 + 1150)/200 = 11.4, 
which again checks with 11.44 obtained by the author in his 
example 5, Fig. 5. 

The scale on the Norris Psychrograph giving cubie feet per 
pound of dry air and vapor present is useful in changing pounds 
of air to cubic feet for the various conditions when determining 
fan and duct sizes. The determination of air leakage by use of 
the Psychrograph will undoubtedly be of service to operating 
and construction personnel in the locating and the correcting of 
faults in equipment. 
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Fie. 2 Moir WaAter-MIxturEe CHART 


ARNOLD WEISSELBERG.* Graphical solutions of air-condition- 
ing problems as recommended by the author are so well estab- 
lished that the merit of such procedure need not be stressed fur- 
ther. 

The need for the development of a new chart, such as the 
author’s Psychrograph, for this purpose is open to question in 
view of the existence of the Mollier water-air-mixture chart which 
accomplishes the same results in just as simple a manner and is 
perhaps more convenient to use because it has only one tempera- 
ture scale compared to three such scales on the author’s Psychro- 
graph. 

In the Mollier chart the marginal scale furnishes the amount of 
total heat per pound of moisture removed, which is another way 
of expressing the ratio of sensible heat to total heat in the author’s 
paper. To make this scale conform exactly to that of the Psy- 
chrograph, it is only necessary to divide the heat content of one 
pound of water at the average temperature of 70 F or 1090 Btu 
by the scale values and deduct the value of the ratio from unity 
in order to express the marginal scale in the percentages of the 
Psychrograph. 

3 Consulting Engineer, New York, N. Y. Mem. A.S.M.E. 


The procedure is now the same with both charts, except that 
greater accuracy may be claimed for the Mollier chart, since 
therein the sensible heat of the vapor in the air is also taken into 
consideration. This is shown on Fig. 2 of this discussion wherein 
the writer solves the author’s example 5, which in the paper is 
solved in Fig. 5. 

In the second paragraph of theorem 2 on page 229 of the 
paper, the author states that in case the line joining two points 
crosses the saturation curve, the locus of possible mixtures will 
follow the saturation curve instead of crossing it. The word 
‘may’? should be used rather than ‘‘will’”’ inasmuch as the author 
himself indicates in the same paragraph that the quality of the 
mixture will be somewhat uncertain. 

In the writer’s opinion the chief value of the paper lies in the 
interesting graphical solution to a variety of problems which are 
especially adapted to demonstrate the advantages of graphical 
treatment of an air-conditioning problem. In that respect the 
author has done an excellent job and the fact that he could have 
used other charts, which, as has been stated in this discussion, 
are at least as good for the purpose, appears to be of secondary 
importance. 
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of Modern Machine Tools and Methods? 

Smita, P. B., Army Lighter-Than-Air 

SPIELVOGEL, 8S. W., AND Kameros, 8., Supplement of Application of 
the ‘‘Elastic Point Theory” to Piping Stress Calculations 

Srrvens, Burt D., New Developments in Offset Printing 

StrRAvuB, FrepERIcK G., AND Brappury, T. A., New Laboratory 
Data Relative to Embrittlement in Steam Boilers 

Tauuey, B. B., Aerial Photography 

Taytor, C. Fayrerrsr, Progress in Aircraft Power Plants for 1934 

Taytor, M. L., Waner, Harry E., anp Couuny, Russe S., 
Combating Ice 

Tuomas, E. W., AND WHEISSELBERG, A., Suggested Recommended 
Practice for Testing Drying Equipment 

THompson, SANFoRD E., The Opportunity for Textile Mills to 
Reduce Cost of Manufacturing and Selling 

TiLLInGHAST, Haroutp M., Color Printing in Daily Newspapers 

VANDER Ep, H. J., Diesel Engine Insurance 

VipaL, Eucene L., Aviation Conditions in America 

Waener, G. H., anp Watt, J. R., Embrittlement of Boiler Steel by 
Caustic Soda 

Warner, Davin M., New Methods of Testing Aeronautical Ma- 
terials and Parts 

WASHINGTON, LAWRENCE, The Basic Theory of Air Conditioning 

Weeks, WatTsErR §., Analysis of Cooling Fundamentals 

Wert, M. N., A Comparison of the Reproductive Quality of Aqua- 
tone and Other Printing Processes 

Wuitz, A. O., Rusx, D. O., anp Woops, B. M., Sun Effect and 
Surface Temperatures ; 

Wuitn, L. Y., Industrial Air Conditioning by Natural or Gravity 
Ventilation 

Witets, H. N., anp McMutten, F. C., Recent Radio Develop- 
ments With Application to Private Aircraft 

Woopman, J. Epmunp, Progress in Aeronautical Meterology, 1934 

Woops, B. M., Cooling Rural Homes—A Study in Progress 


Cooperative Study of a Stable 18:8 Without Stabilizing Additions 

Digest of Smoke Ordinances in American Cities and Canada 

Factors in the Selection of Coal for Underfeed Stokers 

Present Status of Cemented Carbide and Other Modern Cutting 
Materials 

Progress in Railroad Mechanical Engineering 

Seizure of Metals at Elevated Temperatures and Methods of Testing 
for Propensity Toward Seizure 

Short-Time Tensile Tests at 850 F of the 0.40 Per Cent Carbon Steel 
Material K-20 


Water Hammer 

Comment on Papers in the Water-Hammer Symposium 

Report of the A.S.M.E. Committee on Water Hammer 

Supplement to the Report of the A.S.M.E. Committee on Water 
Hammer 


SOCIETY RECORDS 


Publications Developed by the Technical 
Committees 


The Society’s technical committees, the first of which was 
organized many years ago and all of which have been continu- 
ously at work on codes, standards, research and other special 
reports, have developed a series of publications of permanent 
value to the membership. The following list is first presented 
here for record and for ready reference. This list covers the en- 
tire group of publications of these committees completed to date 
which are now available. 

To assist the members in securing copies of these publications 
the sale price is also given. It should be recalled, however, that 
a discount of 20 per cent is allowed to members of the A.S.M.E. 
on all pamphlet publications, except standards and the cases 
specially noted. 


RESEARCH 


Dynamic Loads on Gear Teeth (1932), $1.50 

Determination of Carbonate, Phosphate and Hydroxides in Boiler 
Waters (1933), $1.75 

Fluid Meters 
Part 1—Theory and Application (under revision) 
Part 2—Description of Meters (1931), $1.75 
Part 3—Selection and Installation (1933), $1.50 

Tests on Electrical Equipment for Drilling Rotary Drilled Oil Wells 
(1933), $0.85 

Tests on Steam Equipment for Drilling Rotary Drilled Oil Wells 
(1932), $0.85 

Roll-Neck Bearings (1935), $1.50 

Bibliography on Cutting of Metals (1866-1930), $1.25 

Bibliography on Deterioration of Condensing Equipment (1845- 
1930), $1.25 

Bibliography on Effect of Temperature Upon Properties of Metals 
(1828-1931), $1.25 

Bibliography on Management Literature (1931), $1.75 

Supplement to Management Bibliography (in preparation) 

Bibliography on Mechanical Springs (1678-1927), $1.25 

Bibliography on Woods of the World (1928), $1.25 

Steam Tables and Mollier Diagram (1930), $2.50 


POWER TEST CODES 


Test CopEs FOR 


Atmospheric Water Cooling Equipment (1930), $0.45 
Centrifugal and Rotary Pumps (1927), $0.50 
Compressors and Exhausters (1934), $0.95 
Condensing Apparatus (1925), $0.55 

Displacement Compressors and Blowers (1925), $0.50 
Evaporating Apparatus (1925), $0.50 

Feedwater Heaters (1925), $0.35 

Gas Producers (1928), $0.55 

Internal Combustion Engines (1929), $0.55 

Liquid Fuels (1930), $0.35 

Reciprocating Steam Engines (1935), $0.65 
Reciprocating Steam Driven Displacement Pumps (1925) $0.45 
Refrigerating Systems (1926), $0.55 

Solid Fuels (1931), $0.55 

Speed Responsive Governors (1927), $0.45 
Stationary Steam-Generating Units (1930), $0.60 
Steam Locomotives (1926), $0.55 

Steam Turbines (1928), $0.55 


SuppLEMENTARY CODES AND PUBLICATIONS 


Definitions and Values (1931), $0.40 
General Instructions (1929), $0.35 
Instruments and Apparatus— 
Part 1—General Consideration (1935), $0.35 
Part 2—Pressure Measurement, Chapter 1, Barometers, and Chap- 
ter 6, Tables, Multipliers and Standards (1929), $0.45 
Part 3—Temperature Measurement, Chapter 1, General; Chapter 
5, Pyrometric Cones; Chapter 6, Liquids-in-Glass Thermome- 
ters; and Chapter 7, Bourdon Tube Thermometers (1931), $0.75 
Part 3—Temperature Measurement, Chapter 8, Optical Pyrome- 
ters (1933), $0.40 
Part 4—Head Measuring Apparatus (1933), $0.35 
Part 6—Electrical Measurements (1934), $1.25 
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Instruments and Apparatus (continwed) 


Part 9—Heat of Combustion (1932), $0.40 

Part 11—Determination of Quality of Steam (1931), $0.45 

Part 12—Measurement of Time (1932), $0.35 

Part 13—Speed Measurements (1930), $0.45 

Part 16—Density Determinations (1931), $0.35 

Part 17—Determination of the Viscosity of Liquids (1931), $0.50 

Part 18—Humidity Determinations (1932), $0.45 

Part 21—Condenser Leakage Tests. Chapter 1 (1928), $0.45 

Part 21—Leakage Measurement, Chapter 2, Boiler and Piping; 
Chapter 3, Steam Engine Leakage (1932), $0.40 


BOILER CODE 


Power Boiler Code (1933) Including Materials Specifications and 
Addenda to 1935, $2.50 

A.S.M.E. Unfired Pressure Vessel Code (1934) With 1935 Addenda, 
$0.75 

Miniature Boiler Code (1935), $0.50 

Low-Pressure Heating Boiler Code (1935), $0.65 

Locomotive Boiler Code (1927) With Addenda to 1935, $0.55 

Boiler Code Interpretation Service Data Sheets, $0.15 
Annual Subscription, $2.50 

Suggested Rules for Care of Power Boilers (1935), $0.70 

A.S.M.E. Boiler Construction Code, Combined Edition (1936), $5.50 

A.P.I.-A.S.M.E. Rules for Unfired Pressure Vessels for Petroleum 
Liquids and Gases (1934) (mo discount), $1.00 


STANDARDS 
MacuHIne SHop PRACTICE STANDARDS 


Shafting and Stock Keys (B17.1—1934), $0.45 

Code for Design of Transmission Shafting (B17c—1927), $0.75 

Woodruff Keys, Keyslots, and Cutters (B17f—1930); $0.35 

Tolerances, Allowances, and Gages for Metal Fits (B4a—1925), $0.50 

American Standard Screw Threads for Bolts, Machine Screws, Nuts, 
and Threaded Parts (B1.1—1935), $0.60 

Wrench Head Bolts and Nuts and Wrench Openings (B18.2—1933), 
$0.50 

Slotted Head Proportions; Machine Screws, Cap Screws, and Wood 
Screws (B18c—1930), $0.45 

Track Bolts and Nuts (B18d—1930), $0.40 

Round Unslotted Head Bolts, Carriage, Step, and Machine Bolts 
(B18e—1928), $0.40 

Plow Bolts (B18f—1928), $0.35 

Tinners’, Coopers’, Belt Rivets (B18g—1928), $0.35 

Rotating Air Cylinders and Adapters (B5.5—1932), $0.35 

Jig Bushings (B5.6—1935), $0.35 

T-Slots, Their Bolts, Nuts, Tongues, and Cutters (B5a—1927), $0.35 

Tool Holder Shanks and Tool Post Openings (B5b—1929), $0.25 

Milling Cutters: Nomenclature, Diameters, Thickness, and Other 
Important Dimensions (B5c—1930), $0.75 

Taps—Cut and Ground Threads (B5e—1930), $0.50 

Spur Gear Tooth Form (B6.1—1932), $0.45 

Gear Materials and Blanks (B6.2—1933), $0.50 

Shaft Couplings, Integrally Forged Flange Type for Hydroelectric 
Units (B49—1932), $0.35 

Drawings and Drafting Room Practice (Z14.1—1935), $0.50 


PIPE AND FITTINGS 


Wrought-Iron and Wrought-Steel Pipe (B36.10—1935) $0.50 

Code for Pressure Piping (no discount) (B31—1935), $1.00 

Cast-Iron Pipe Flanges and Flanged Fittings for 25 Lb Maximum 
Saturated Steam Pressure (B16b2—1931), $0.40 

Cast-Iron Pipe Flanges and Flanged Fittings for 125 Lb Maximum 
Saturated Steam Pressure (B16a—1928), $0.50 

Cast-Iron Pipe Flanges and Flanged Fittings for 250 Lb Maximum 
Saturated Steam Pressure (B16b—1928), $0.50 

Cast-Iron Pipe Flanges and Flanged Fittings for 800 Lb Maximum 
Hydraulic Pressure (B16B1—1931), $0.35 

Malleable-Iron Screwed Fittings for 150 Lb Maximum Saturated 
Steam Pressure (B16c—1927), $0.40 

Cast-Iron Screwed Fittings for 125 and 250 Lb Maximum Saturated 
Steam Pressure (B16d—1927), $0.35 " 

Steel Flanged Fittings and Companion Flanges for 150, 300, 400, 
600, 900, 1500 Lb Maximum Steam Service Pressure (B16e—1932), 
$0.65 

Cast-Iron Long Turn Sprinkler Fittings for 150 and 250 Lb Maximum 
Saturated Steam Pressure (B16g—1929), $0.50 

Scheme for the Identification of Piping Systems (A13—1928), $0.50 

Cast-Iron Soil Pipe and Fittings (A40.1—1935), $0.65 
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LETTER AND GRAPHICAL SYMBOLS 


Symbols for Mechanics, Structural Engineering and Testing Materials 
(Z10a—1932), $0.25 

Symbols for Hydraulics (Z10b—1929), $0.35 

Symbols for Heat and Thermodynamics (Z10e—1931), $0.30 

Symbols for Photometry and Illumination (Z10d—1930), $0.20 

Aeronautical Symbols (Z10e—1929), $0.35 

Mathematical Symbols (Z10f—1928), $0.30 

Letter Symbols for Electrical Quantities (Z10g1—1929), $0.20 

Graphical Symbols for Electric Power and Wiring (Z10¢2—1933), 
$0.20 

Graphical Symbols for Radio (Z10g3—1933), $0.20 

Graphical Symbols for Electrical Traction Including Railway Signal- 
ing (Z10g5—1933), $0.40 

Graphical Symbols for Telephone and Telegraph Use (Z10g6—1929), 
$0.20 

Symbols for Electrical Equipment of Buildings (C10O—1924), $0.20 

Abbreviations for Scientific and Engineering Terms (Z10i—1932), 
$0.40 
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Graphical Symbols for Mechanical Engineering (Z14.2—1935) 


MIscELLANEOUS STANDARDS 


Engineering and Scientific Charts for Lantern Slides (Z15.1—1932), 
$0.50 

Fire Hose Coupling Thread for 21/2, 3, 31/2, and 41/2 in. Connections 
(B26—1925), $0.25 

Production and Field Inspection of Fire-Hose Coupling Screw 
Thread, $0.25 

Hose Coupling Screw Threads for 1/2, ®/s, 3/4, 1, 11/4, 11/2, and 2 in. 
Connections (B33.1—1935), $0.25 

Rolled Threads for Screw Shells for Electric Sockets and Lamp 
Bases (C44—1931), $0.35 


SAFETY 


Safety Code for Elevators (A17—1931) (no discount), $1.00 
Safety Code for Mechanical Power-Transmission Apparatus (no 
discount) (B15—1927), $0.35 
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Volume 57, January-December, 1935 


* (BR) denotes Book Review, (C) Correspondence, Ed (Editorial), (S) Survey of Engineering Progress 
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AERIAL TRANSPORTATION 
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i plant repairs. Also included ace comparative cost figuves for the period’ 1920 to 1854, mclusive. 


Publication Date—November 15. Price $1.00 
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r English Translanon 
BULLETIN NO, 3, TRANSACTIONS OF THE 
MUNICH TECHNICAL UNIVERSITY 


This translation makes available to American hydraulic engi- 
neers an invaluable collection of basic, fundamental research 
particles by foreign engineers, Subjécts discussed inclade: 


Gom bined 
Batya rn of 


ASME DOE 
CONSTRUCTION CODE 


In €his book will bo found le latest 
wyatlable information on ioe dear, con. 
Siricuen, gaa instcetion gi boilers ‘and 
other Pressure vessels, i nese rules ‘cover 
Boilers for Locororives, Loaw-Vres: ure feanne, 
Miniamate. and Power Bodera) Uniiced Pregsnite 
Veasels, Care of Power Vollers, anc. Paapection . 
Material Specifications are also Arreiurecaas 


Sources of Evror in Weir Measurements. 

An Investigation of the Thoma Countertlow Brake, 

Loss in 90:Degree Pipe Bends.of Constast Cirevilar 
Cross-Section, 

Loss of Energy in MitersBends. 

Loss in Oblique-Angled Pipe Branches, 

Friction Loss in Curcumferential Lap-jointed 
Pipes, 

e Energy Loss in Smooth- and Rowszh-Sut- 

é faced Bends and-Curves in Pipe Lines. 

Investigations With a New Machine for 
Testing the Lubricating Quality ofOuls. 


The Encray Transformation in ,Ex- 

panding Oritices Similar to Draft 
Tubes, 

The Influence of the Viscosity of 
the Water on the Efficiency of 
‘ Smal) Model Francis Tur- 

ne. 


Publication date—November 15, 


Pre-Publication price of $3.00 
in effect during month 
of November. 


Those who have occasion to-use all sacHode ol tae 
Boiler Gode wilt And ib convenient tor pave 2 copy or 
this Conibined Edition. 


Ready for distribution in December 


Price $3,50 209 discount to A.5. MLB. mem oers 
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HEAT TRANSFES 


Prepared junder ‘the auspices of the AcS MLE Process Gonimit tee, 
this pamphlet-publication presents the tesults bf che -eepeticnces of 
eighteen authors in dealing with problems involved if che cransigh ahd 
flow of heat, “There are contributions on: 


Heat ‘fransfer, Rares in Fuel-Pired Pur- 
haces. 

The Elements Affecting Heat Trancfer 

to the Open Hearth Bath. 

eat Transfer in Apparatus Used in Con- 

junction with By-Product Coke Plants. 

Ruel Oil Burning in Metallurgical and 
Shop Furnaces, 


Heat Transfer in the Hot Blast Stove.) 


The Effect of Angle of Emission on the 
Radiating Power of Various Oxidized 
Wictal Surfates. 

The Provlem of Quenching Merlta for the 
Hardening of Steel, 

Tyansfer Rates on Heat Exchange Ser- 
Vices. 

Heat Transfer in’a Horizontal Coil, Vat 
Pasteurizer, 


Relationship Between Mill Operation and Design’ of ‘Radiant Absorption Section gy ema of Ponling Bactors iin the 
Pernace Economy. Pipe Still Coils Bired with Oil or Gus eotgn of Meat Pxcnatgers, 
Poel with Air. Heat ‘Transfer Rates an: Refrigevacing 


and Air Cooling Apparat, 

Feat Transfer: Rates, 

States of the Heat Transfer between 
Liquid and’ Gas \in Contact, 

Heat Lransfer in: airy Apparsuis. 

ieee of Heat Transizr Rates on 
the External Suriace of Batisd Lube 
Banks, ; 


Ready for distribution in December, Price $1.25 


Ropes | Publication-Sales Department 
‘THe AMERICAN SOCIETY OF MECHANICAL ENGINEERS 
Bde ey hake es 29 West 39th Street, New York, N. Y. 


